NASA CR - 114435

" Boeing Document D6-24806-1
" Available to the Public

N .

(xash-ca—11uu35) A DESIGN SUPPORT NT2

N72-22014
SIMULATION OF THE AUGMENTOR WING JET STOL i
RESEARCH AIRCRAPT P.C. Rumsey, et al - X
{Boeing Co., Renton, Wash.) Jan., 1972 Unclas

160 p

CSCL 01B €00/C2 25359

A DESIGN SUPPORT SIMULATION OF THE
AUGMENTOR WING JET STOL RESEARCH ATRCRAFT

by

P. C. Rumsey, R, E. Spitzer, and
W. L. B; Glende -

vanuary 1972

Distribution of this report is provided in the Tntereét
of information exchange. Responsibility for the contents
resides in the author or organization that prepared it.

™" "REPRODUGCED BY _

ATIONAL TECHNICAL .
I:FO TION SERVICE

U.S. DEPARTMENT OF COMMERGE

¢
R
: SPRINGFIELD, VA. 22180

£ g 0

Prepared under Contract No. NAS2-6025 by
~ THE BOEING COMPAMNY
Commercial Airplane Division
.Renton, Washington

for
- NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
~ Ames Research Canter

CA77 22—



NASA CR - 114435
Boeing Document D6-24806-1
Available to the Public

N 72-2201 4
Cat ol CSCL oIR

A DESIGN SUPPORT SIMULATION OF THE
AUGMENTOR WING JET STOL RESEARCH AIRCRAFT

P. C. Rumsey, R. E. Spitzer, and
W. L. B. Glende

January 1972

Distribution of this report is provided in the interest of
information exchange. Responsibility for the contents resides
in the author or orginization that prepared it..

Prepared under Contract No. NAS2-6025 by
THE BOEING COMPANY
Commercial Airplane Division
Renton, Washington

for
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Ames Research Center



AD 1546 A

T™™E

EF TP ETEIEE comeany

COMMERCIAL AIRPLANE DIVISION

RENTON, WASHINGTON

DOCUMENT no. __D6-214806-1

TiTLg:  RESULTS OF A PILOTED SIMULATION OF THE MODIFIED

- AUGMENTOR-WING BUFFAID (VOLUME I)

moper Modified C -8A

ISSUENO. . TO:

{IDATE)

NASA Contract NAS2-6025.

PREPARED BY %{W : 21 dawes 197

P, CFjumsey . ——S
PREPARED BY (lok €. BF;L?A Taw 21 1471

R. E. Spitz
PREPARED BY .k/u?"-g: % Jon 2L, (P77

W. L. B. Glende

suPeERVISED BY T« C. N )z : éﬂ ~ =14
. Nark
APPROVED BY Z.iCEM)Z’Z/ 3 2797

Ze~Skayda
APPROVED BY ./ES#M&:&. I-24=2/
R. H. Ashleman

————————

(DATE)

. DE-21806-1 " )
REV SYM BIEINE |vo. D :

i PAGE g 7000



AD 1546 O

TABLE OF CONTENTS

D6-24806-1 Volume I

D6-24806~2 Volume II - Appendices

Page
1.0 SUMMARY 1.1
2.0 INTRODUCTION 2.1
2.1 Purpose of the NASA/Boeing Simulation 2.1
2.2 Background Data Sources 2.2
2.3 Overall Summary of Testing 2.3
3.0 DESIGN DATA FROM THE SIMULATOR 3.1
3.1 Lateral Control System Design 3.2
3.1.1 Simulation and Testing 3.2
3.1.2 Control Characteristics 3.4
3.1.3 Lateral Control Sensitivity 3.5
3.1.4 Control in Heavy Turbulence 3.6
3.1.5 Feel and Trim Design 3.7
3.1.6 Effect of Aileron Droop Angle 3.8
3.1.7 Engine-Dut Lateral-Directional Response 3.10
3.1.8 Pilot Technique for Engine-Out Control 3.12
3.1.9 Engine-Out Control with Reduced Roll Compensation 3.14
3.1.10 Hydraulic System Failure 3.16
3.1.11 Burst Air Duct 3.20
3.2 Longitudinal Control System Design 3.39
3.2.1 Simulation and Longitudinal Characteristics 3.39
3.2.2 Pilot Induced Oscillations - 3.41
3.2.3 Longitudinal Stick Forces 3.k42
3.2.4 Longitudinal Trim 3.43
3.3 Stability Augmentation Systems Design 3.48
3.3.1 Introduction 3.48
3.3.2 Criticality of SAS 3.49
3.3.3 SAS Control Law Evaluation 3.49
3.3.4 SAS Authority Requirements 3.59
3.3.5 SAS Failure Transients 3.52
3.3.6 Control System Resolution 3.54
3.3.7 Control Wheel Steering 3.54
3.3.8 Automatic Speed Control 3.54
3.3.9 Rudder Induced Rolling Moment 3.55
REV SYM BOEIAL lNo. D6-24806-1

!PAGE

i



5

AD 1546 D

TABLE OF CONTENTS (Continued)
| Page
3.4 Engine and Pegasus Nozzle Configuration Design 3.64
3.4.1 Engine Acceleration and Deceleration Characteristics 3.64
_ 3.4.2 Engine Surge-Bleed-Valve Operation 3.6h4
3.4.3 Pegasus Nozzle Rate and Deadzone in the Nozzle 3.65
Control System
3.4.4 Pegasus Nozzle Angular Travel Limits 3.66
3.4.5 Nozzle Lever Handle Design 3.67
3.5 Evaluation of Structural Design Criteria 3.75
3.5.1 Airplane Characteristics at the Pla.ca.rd. Speeds 3.75
3.5.2 Overspeeds and Upsets 3.78
3.5.3 Step Gusts at Minimum Operational Speeds 3.79
3.5.4 Evasive Maneuvers 3.80
3.5.5 Nose-Gear-First Touchdowns 3.81
3.6 Hydraulics System Design 3.83
3.6.1 Flap Retraction Rates 3.83
3.6.2 Flight Control Sysiem Rate Requirements 3.85
4,0 DATA ON OPERATIONAL PROCEDURES FROM THE SIMULA‘I‘OR 4.1
4,1 Engine Failures ’l+.2
4,1.1 Single Engine Go-Arounds .2
4.1.2 Single Engine Landings .7
4.2 Flare Techniques k.18
k.3 Lateral-Directional Handling Qualities k.25
L4.3.1 Stabilized Airplane k.25
4.3.2 Free Airplane 4.26
L.4 Emergency Landing Configuration 4.30
5.0 CONCLUSIONS AND RECOMMENDATIONS 5.1
5.1 Design Changes 5.1
5.2 Flight Test Procedures 5.1
5.3 Recommendations 5.2
€.0 REFERENCES 6.1
7.0 APPENDICES T.1.1
7.1 Pilot's Overall Summaries (vo1. 1) 7.1.1
7.2 Simulator Check Out (voxr. 11) 7.2.1
7.3 Daily Logs of Simulator Tests (Vol. II) T.3.1
T.4 Pilot Comments Transcripts (Vol. II) T.h.1
REV SYM BOEIAE |vo. D6-24806-1

-

=

_}

6-7000



AD 1546 D

1.0 SUMMARY

A piloted moving-base simulation was conducted at NASA-Ames Research Center
to investigate design requirements and operational characteristics of the

augmentor-wing Buffalo modification. The six degree-of-freedom motion

simulation and color television visual display gave excelleni creproduction
of in-flight pilot cues for transitions, approaches and engine failure
transients. However, lack of depth perception in’'the visual display greatly

affected the pilot's ability to judge the flare maneuver.

System design requirements were investigated for the lateral and directional
flight control systems, the lateral and diréctional axes stability augmen~-
tation systems, the engine.and Pegasus nozzle control systems, and the
hydraulic systems. A number of questions peffaining to structural design
criteria were investigated. As a result of this testing a great deal was
learned concerning operational techniques fof STOL landings, control of
engine failures and pilot techniques for imprbving engine-out go~-around
performance. Flight test procedures have been suggested for maintaining

a high level of safety in the event of engine failure 6f SAS failure.

Design changes have been identified to correct deficiencies in areas of the
airplane control systems covered by the existing NASA contract. Other areas
have been identified where airplane flying qualities could be improved by

further study.

The overall assessment of the modified Buffalo was that airplane handling
qualities and operational characteristics were adequate to perform the mission

for which the modification was intended.

REV SYM BOEINEG |no. D6-24806-1
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2.0 INTRODUCTION

A C-BA (Buffalo) airplane is being modified for STOL research with an augmentor-
wing jet flap system. The modificatian is being done by deHavilland Aircraft

of Canada Ltd. (DHC) and The Boeing Company under contract to the Department of
Industry, Trade and Commerce (DITC) and the National Aeronautics and Space

Agency (NASA), respectively. A 3-view general arrangement drawing of the
modified C-8Ais presented in Figure 2,0-1. As a part of this program it waé
considered desirable to conduct a simulator investigation of the expected flight

characteristics of the Modified C-8A airplane.

Previous simlations have been conducted by DHC to investigate longitudinal
control and flying qualities, Reference 1, and operational characteristics,
Reference 2, of an augmentor-wing flight test _vehicle of generally similar
configuration to the pr;sent modification. These simulations proved the overall
feasibility of the configuration. Unresolved questions still remained however,
especially in the area of control after an engine failure, engine-out landings
and go-arounds, and cerba:’.ﬁ design features dependent on pilot opinion. Further
investigation of this t_t.;tpic required an improved moving base simulation to
generate more realistic.motion cues. Such a facilﬁ.ty bec%ne available when the
six degree of freedom‘ moving base Flight Simulator i‘o;' Advanced Aircrai‘t went
into full time operation at ARC. It was also recognized that the Boeing design
differed in sufficient detail from the earlier DHC configurations to warrant

further éi;mﬂ.a’cion, and the present series of tests were conceived.

2.1 PURPOSE OF THE NASA/BOEING SIMULATION

As plamning for the simulation proceeded side-by-side with the initial design
development of the airplane, it became clear that the design requirements for

many of the airplane systems could be readily defined on the simulator. A survey

REV SYM BOEINE |no. D6-24806-1 N
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of the technical staff and project design groups working on the modified C-8A
airplane yielded a large number of questions suitable for solution in this vay.
The main purpose of the piloted simulator investigation gradually became
design oriented rather than an investigation of operational procedures. The

engine failure probian however remained a primary subject for investigation.

2.2 BACKGROUND DATA SOURCES

This report presents only the results of the piloted simulator work. The
simulator facility is not described in detail nor is the mathematical model:
of the airplane and its systems. These background data are referred to below

and reference sources are indicated.

The aerodynamic data used in the airplane mathematical model was built up from
the DHC wind tumnel testing and analysis contained in References 3 through 10.
These data were suii?ably corrected to the modified C-8A configuration using the
methods described in Reférences 11 and 12. The final data are gathered together

in Reference 13 the simlator math model specification document.

Reference 13 also contains a complete description of the simulator cab lgyout
and the airplane control systems. These data were based on an early issue

of the Configuration Control Document, Reference 1l

The conversion of all these data into a digital smulation is described in
Reference 15 which includes a program listing, data tables, and the trim and
dynamic check subroutines used. The NASA derived atmospheric turbulence model

is explained in Reference 16.

A description of the large amplitude, six degree~of-freedom FSAA motion base

is contained in Reference 17 and various umpublished NASA documents. A

REV SYM BOEING |vo.
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closed circuit color television circuit was used to display an outside world
visual scene to the pilot. The capabilities of this system are fully

described in Reference 18.

2.3 OVERALL SUMMARY OF TESTING

Piloted simulator work consisted of terdays of testing yielding L7 hrs. of
simulator flying time. Tﬁree pilots participated in the testing, Bob Innis
from NASA, Bob Fowler from DHC and Tom Edmonds from BoeiFg. A dgy-by-day,
pilot-by-pilot sumary of the testing is given on Figure 2.3-1. 1In this figure
the flying hours are split uwp into subjects of investigation, the engine failure
investigation being included under the Lateral Control System heading. Of
particular note are the extended testing periods accomplished on Nov. 3 thrﬁ

S and the fact that each pilot at one time or another achieved 2 3-UL hr. . session
-of uninterrupted flying-in the simulator without undué fatigue. The extended
test periods were only possible.due to the exceptional reliability of each
constituent part of the total simplation complex an@ the effqrts of NASA
personnel and their subcoﬁtractors in maintainiﬁg the integration interface.

The iack of pilot fatigue is a tiibute to the realism and ease of use of the

FSAA moving base and cab.

Each investigation was controlled by the use of an overall test plan detailing
pilot briefing, tasks, parametérs far each run and questions to be answered
by pilgt corment and engineering analysis. To ensure that simulator
deficiencies and pilot learning curves did not affect the final judgements
each pilot conducted an extensive orientation flying task averaging some

L hours prior to any formal evaluations. This orientation flying included landingd

and approaches under various atmospheric disturbances, with and without

REV SYM BOEIN S ‘NO. D6-21806-1

PAGE ~
' 2.3 6-7000



AD 1546 O

the stability augmentatioh system operating, with various flap deflections

and approach speeds, with engine failures and with all engines operating.

General flying at all flap configurations was included, and each pilot conducted

a number of transitions from crvise to landing. In part, this orientation period

wvas also used to obtain checkout data of the statics and dynamics of the

similation.

Check out data and pilot comments about the simulation have been included

in this report as appendices (Section 7.0). Each pilot vas asked to muxe

L 4

a summary statement about the simulator study. These reports are presented

.in Appendix 7.1 contained at the end of this volume.

The remainder of the appendices have been included in a second volume (D6~

21,806-2) due to their lengthy nature. The simulator check out documentation
is presented in Appendix 7.2 (Vol II). Records of each day's flying were

kept in a log giving brief details of each configuration tests,and, where

‘appropriate, pilot com:ents on the conditions. These daily logs are included

in Appendix 7.3 (Vol II) and, together with the rolls of analog time-histories

(which are anhotated), form the complete story of the accomplished testing.

-—

Pilot comments were taped and later trarscribed. Appendix 7.4 (Vol. II)
contains all of the transcripts available. These constitute a somewhat
incomplete record of pilot comments due to lack .f tapes, one broken tape,
and a partially successful attempt to reduce the recording time to those
comments of particular value to the investigation. (Ocasionally the pilot

would make comments with the tape recorder switched off). The overall summary

statement from each pilot (Appendix 7.1) should be used to cover any gaps.
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SIMULATOR TNVESTIGATION - SUMMARY OF PILOTED TIME
DA Piloted Time DATLY
DATE SUBJECT OF INNIS EDMONDS _ FOWLER - TOTAL
INVESTIGATION PR
QOct. 27 - Similation 1:00 1:30 _ 2:30
Checkout . . ,
Oct. 28 . and 1:15 1:00 2:15
Pilot C R |
Oct. 29 Familiarization 1:45 - 2:00° S 3:45
Oct. 30  Lateral Control 3:00 2:45 . 5:S
Power and
Sensitivity
Oct. 31 Engine-Out Control 235 2:b5 . ¢ 5330
Nov. 2 Manual Reversion o ‘
Hydraulics Failures  2:15 1:L5 4 *
Trim Rates B : coa -
‘Pilot Familiarization . 1:00 " 5:00
Nov. 3  SAS Evaluation . 2313 11130
Piloted Familiarization - 2330 6:15
Nov. L ‘Lateral Control S i o ..1.:,45 -
. SAS Failures . 2530 LT e - -
Engine-Out Control R - 1230 . 55
Nov. 5  SAS Evaluation . -:30 2:00 .- 1:30 .
: Structural Design R PRE SO :
Criteria R o ~ 1200 . 2300
Other N 7:15
Nov. 6  Other 7 100 7 1500 ~1:00 3:00
. TOTALS S 18:15 18:00 11:15 L7:30
o S fF\c, 2.3-1
: R o D6-24B06-1
REV SYM _BoENE | vo. oy
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3.0 DESIGN DATA FROM THE SIMULATOR

This section of the report includes analysis of the simulator investigations into
areas affecting systems design and design requirements. The results are

separated into sub-sections dealing with particular airplane systems.

A subsequent section of the report deals in greater detail with pilot
techniques and operational aspects investigated in the simulator. All design

changes arising from the simulator results are summarized in Section 5.1.

REV SYM BDEINEG |no. DE-24B06-1 N
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3.1 LATERAL CONTROL SYSTEM DESIGN

3.1.1 Simulation and Testing

The lateral control system prograrmed into the NASA-Ames simulati&n was based
on an early design cycle; however, that system turned out very similar to the
final_design concept for the flight test vehicle. Rolling moment was generated
by three types of control surfaces:

e Outboard blown ailerons

e Spoilers located ahéad of the outﬁoard ailer9ns

° Aﬁgmentor choke surfaces lééated on the outer

flap panels. »

Ailerons were drooped as a function of fl;p deflection and deflected differen-
tially through the pilot's wheel. Rolling moment and aérodynamic interactions
vere simulated as complex functions of individual surface deflection, flap |
angle, angle of attack, engine powér setting (blowing coefficient) and air-
speed. The distribution of engine fan air for blowing the flaps, ailerons,
and fuselage corresponded to the design level of blowing coefficient on each
component. FEach aileron was blown by‘air supplied only from the engine on
the opposite wing. This feature plus asymmetr%; flap blowing provided
rolling moment compensation in opposition to the hot thrust rolling morent

in the event of an engine failure.

The dual hydraulic power arrangement to the lateral contrbl vas simulated by
programming features which deactivated various surfaces. Manual reversion
(two hyd;aulic fajlures) also required changing the wheel force gradients in
the FSAA cab. The feel forces simulated for normal operation matched the
output of a mechanical feel-and-centering spring. Lateral prim was provided by

offsetting the feel-and-centering spring which moved the pilot's wheel and

consequently the control surfaces,

24806 -1
REV SY). BOEINEG |ro. DE-21808
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Pilots who evaluated the iateral control system were briefed on the simulation
and alrplane systems. The pilots were made aware of the design support

orienta@ion of the simulator study. Simulator limitations and lateral conirol
design concepts were explained. Particular attentlon was given to the engiﬁe-

out rolling moment phenomenon. Existing wind tunnel data show a lack of

- dihedral effect on the airplane. The pilots were apprised of this fact

and that CL P would be set at various values in the study.

Piloting tasks for lateral control evaluation centereg on landing approach in
the STOL configuration. Pilots we;; asked to make rapid turns with heading
changes up to 20° as well as tracking the localizer on the glide slope. The
localizer to the STOL runway could be offset by 200 ft. 1In this case the
pilot was required to perform a sidestep maneuver at 300 ft. altitude and

land on the STOL runway. In addition, certain evaluations were conducted

from a go-éround and climbout at takeoff flap settings.

The lateral control systeﬁ characteristics were evaluated for normal airplane
operation with variations in dihedral effect, rolling moment of inertia,
lateral control sensitivity; aileron droop angle, lateral trim and wheel
forces among others. Evaluations were conductéd both SAS on and SAS off.
Various levels of turbulence were simulated along with large discrete lateral
gusts. Lateral control was evaluated for certain critical airplane failure
conditions:

e Engine failure

¢ One and two hydraulic systems shut down

e Burst air ducting line

!PAGE
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3 ,l .2 Control Characteristics

‘approach conditions were conducted at 40,000 lbs. gross weight. At approach

Lateral control characteristics were evaluated for the most part at landing

approach along & 7.5 deg. descent path at VApp=50 kts & SF=75° ,(Sadmop=30°)- Most

power setting, maximum control power was C = .16 which generatgd ’a = U
RAD/SEC® at the nominal roll inertia of Ium:x335,ooo SLUG-FT.2. The three
control surfaces were programmed with the pilot's wheel to produce a smooth
rolling moment function with a "convex" shape (see Section 7.2 or Figure 3.1-1).
By virtue of mixing the ailerons and spoilers, at the trim angle-of-attack

the yawing moment produced by the lateral control system was nearly zero.
Moderate 1ift losses occurred with control wheel input due mainly to the

augmentor choke.

Lateral controi power for tracking tasks was found a.dequaté in moderate
turbulence with the SAS turned on. COnsiderably.leSS than full control
input was required. Turn entries and sidestep maneuvers are strongly
affected Ly the dynamic characteristics of the airplane. 1In the SAS-off
mode aerodynamic cross-coupling through the rate derivatives and poor spiral
characteristics with Cy p = 0 made turn coordiga.tion very difficult. Large
adverse sideslip angles were induced (AB/ Ag = .65) even though the lateral

control input by itself produced very little yawing moment.

With the lateral/directional SAS turned on the poor _dyna.ﬁic characteristics of
the airplene were greatly improved. The sidesiip induced in a turn entry
decreased (A}/A¢ = .2) and the time lag in heading change was less than
2 seconds. When asked, the pilots stated that l:teral control cross-coupling

was not a problem on the airplare.

REV SYM BOEING |vo. D6-26806 -1 N
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3.1.3 Lateral Control Sensitivity

lateral control sensitivity was evaluated by all three pilots. Control
sensitivity was increased in two ways. The first way was to decrease the
a.irpla.ne;'s rolling moment of inertia. Figure 3.1-1 illustraies the airplane's
roll acceleration characteristics at landing a.pproé.ch.. The original Buffa.lo
characteristics are shown for comparison. Reducing Iyxy not only improves
sensitivity (B/ Sw) but alsc increases the magnitude of 3 at full wheel and
reduces the roll mode time constant, all items which should tend to improve
pilot opinion. Roll sensitivity was also increased by factoring the control
wheel signal, effectively reducing the amount of yheel deflection to achieve

8 given rolling moment. Maximum rolling é,ccelez;ation was not changed by this

technique.

The results of the lateral control sensitivity study are summarized in

Figure 3.1-2. The lowest level of @/ &w in the data corresponds to the
basic airplane ( &, = 75° and Tyy = 335,000 SLUG-FIZ). The tested
condition of reduced roll inertia (Ixx = 240,000 SLUG--FTe) is also noted

on the Figure. Other sensitivities were generated by the factoring

technique. Data from otherAairplanes are shown on the f’igure for reference.

—

The data show improvement in pilot rating with increased sensitivity; however,
even with very high sensitivity it was not possible to improve the airplane
beyond -a pilot rating of ¢'.R. = 3. While sensitivity could be raised by
reducing wheel travel » mechanical advantage would be lost for manual reversion.
Reduction in roll inertia raised the pilot rating to an acceptable level. A
reduction in roll inertia to Iyy = 260,000 SLUG-FT° is readily achievable by

modifying the fuel use sequence to empty the outboard tanks eérly in the

REV SYM BOEING ’No. D6-24806-1
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flight. This modificatibn will be included on the augmentor wing flight

test vehicle to enhance laterel control sensitivity.

3.1.4 Control in Heavy Turbulence

The turbulence subroutine was developed by NASA and generated randbm fturbulence
of a selected RMS magnitude. .For thé simulator stuziy the magnitude was
arbitrarily varied until the pilot judged the turbulence level as "light",
"moderate"”, or "ﬁea.vy". Large discrete lateral gusts were added to the
turbulence at random ‘time Ain"terva.ls to increase pilot workload. Generally

speaking, the pilots- rated the turbulence as “realistic".

Pilots were asked to fly approaches at 50 and €60 knots in heavy turbulence

(a turbulence level at landing beyond normel operat;ona.l experience of the
pilots). The a.irplane- configuration ipcluded the higher set of inertias

(Ixx = 335,000 SLUG-FT®) and rate 11miting on thé lateral control system to
increase workload. The laﬁera.l/ directional SAS was turned on. for all
conditions. Attempted landings with a rate limit at é,,: 100 DEG/SEC weve
rated "unacceptable"”. The rate lim;i.ti..rvigiwas raised to éw= 150 DEG/SEC and
the pilots were able to land the airplane with "marginally acceptable"” lateral.
control (Cooper Rating of 5 to 6). Pilot rating went up to C.R. = 4 1/2 to 5
for é'w = 200 DEG/SEC. Unlimited surface rate capability was rated "acceptable”
in very héavy turbulence.

~
]

Rapid surface rate capability on the order of Sw = 200 DEG/ SEC has been
incorporated into the design of the augmentor wing flight test vehicle
lateral control system. Full deflection of the lateral control surfaces

is possible within 1/2 second.

REV SYM BOEINE |vo.
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3.1.5 Feel and Trim Design

Before the simulator study,_ it was realized that pilot control forces must be

low enough for one-hand operation: Positive system centering was also

deemed quite important. The nominal lateral fee;—mmd-centering progran

used in thé study is presented in Figure 3.1-3. Maximum wheel force was

FN = 1L 1bs; static friction was % 2 1bs. similar to the airplane. With.this
for!zaexlevel one~hand precision control was difficult ,‘_and the pilots preferred

a lower force gradient of F, = 9 lbs (Figure 3.1-3). Positive centering

max
was also emphasized by the pllots. -

H

Reduced control forces were necessary to permit tightercontrol of the aifpla.ne
in turbulent or engine-out conditions when the pilot used his other hand to
modulate throttles, thrust vector controls and flap ‘selector. Pilots also
found that with high force levels it was difficult to release the thumb to
operate the trim f_switch and still inaintain precise control. Reduced lateral

wheel forces relieved this problem.

Lateral tr-m was provided "by. offsetting the feel-a.nd-centering spring througiz
& similated trim a.ctua.torA of specified rate éapability. Lateré.l tria rate
was evaluated at 3',,,= 3.25 DEG/SEC, 5 DEG/SEC and 6.5 DEG/SEC. The lower
value wa;s deemed too slow by the pilots. ‘The fastest rate was preferred

at landing speeds but was considered too fast for cruise flight conditions.
The simulator study led to the éw= 5 DEG/ SEC lateral trim rate specification

for the airplane.

Directional trim was also evaluated on the simulator. The basic Buffalo
trim rate of 8§ R™ .8 DEI}/SEC was Judged too slow for the STOL flight condition.

A trim rate of 6R = 1.6 DEG/SEC was tried and found more to the pilot's

REV SYM BOZINEG |vo. D526 >

‘ PAGE 3 '7 67000



L -

AD 1536 D

liking. It should be noted that changes to the rudder feel and trim unit.
are not planned as part of‘tbe . C-84 Modification Program. Changes to the

rudder trim rate in light of the limited rudder trim.authorit& (Sﬁ =‘i 6°) are

. not warranted.

3.1.6 Effect of Aileron Droop Angle

One pilot flew a configuration vith an aileron droop angle of 45°. The airplane

veight was 109,000 1bs with I, = 335.00 SLUG-FT2 and 20% increased roll sersi-

X
tivity (factored wheel signal). Lateral control characteristics on lamding

approach were evaluated.

L 4

The aerodynamic data indicate that a droop angle increase from 30°_to hSo is
accompanied by a 20% reduction in ng and a 100% increase in Cn%a

n
(at o(w=0),‘but spoiler effectiveness is increased due to the increased aileron

deflection. The overall effect on the airplane is a small increase in wheel

sensitivity (C£8w ) coupled with a slight increased adverse yaw from the
lateral controls (Cn/Qx from ~.01 to -.10). Along with these changes, the 1lift

and pitching moments due to the lateral control deflection are decreased.

The time histories of the evaluation runs for 30° and 45° droop anéles (Figs.
3.1-L and 3.1-5) show little difference in wheel activity for rapid heading
changes. Computing the lateral cross-coupling factor Alg/ AQ! for the tWy/cases s
shows an increase from about .17 (SAS-on) to about .22 (SAS-on) for the L5°
droop angle (which agrees with expected results from thelaerodynamic data
analysis above). However, attempting to measure the effective lag in heading
response, T,; s from these time histories showed a lot of scatter and, on the
average, a decrease from 3.2 seconds to 2.5 seconds for the 45° droop angle.
This result is fhe reverse of what was expected and is presumably due to the

inaccuracy of measuring Typ from piloted data.
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The digital print-out of pilot workload taken during the two runs shows an
increase of 2 1bs. - 3 1lbs. in the maximum wheel forces used for the 30° droop
case, which agrees with the observed fact that slightly higher roll rates were

used during that evaluation a.nd the expected increase in Cgy  for h5° droop.

The only real observable difference between the two sets of analog traces is that
for the 30° droop angle case the sideslip maneuver was accompanied by a
considerable adverse sideslip (i6°ﬁ for +19° ¢) whereas the 45° droop case
showed very little (tloﬁ for £16° §). A closer examination of the two

cases reveals that the sidestep maneuvers were conducted at considerably
different angles of attack (o = =3° for 45° droop, and o = +4° for 30° droop).
Further examination of previous cases for 30° droop showed that there is a
strong éffec'b of X on the s_ideslip generated in the sidestep maneuver. One
case was found where the sidestep maneuver was conducted at of = +1° and

the sideslip éenera.ted was iho. ‘The main mechanism for these changes is the
cross-coupling term }7.0( in the sideforce “e‘quation, large roll rates at high ‘
angles of attack generating .illa.rge ‘Pvalﬁes. A secondary effect is the increased
adverse yaw generated by the roll control at highe:r o TRIM. The trim
condition for 45° droop was é.rbitrarily chosen in the simulator with the

same power set as for the 30'0 droop configuration. This gave a trim angle
of attack of 2° more negative for a h5° droop angle which helped to contribute
to the‘pbserved differences in the evaluation maneuvers. - In practice it is
more likely that in a 45° droop configuration advantage would be taken of the
improved L/D and the airplane would be trimmed at the same angle of attack

as the 30° droop configuration but with less power;
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In summary, the observable differences in handling qualities 'betwez,:x 8 30°
droop and h5° droop at 75° flaps are extremely small. If a requirement for
data should dictate the necessity of a flight test at an increased droop angle

of u5° , there should be only a small degradation in flying qualities.

3.1.7 Engine-Out Lateral-Directional Response

An engine failure on the modified Buffalo results in a combination of rolling
and yawing moments on the airplane due to the vectored hot thrust from the
remaining engine. Early simulator work conducted by NASA end deHavilland
showed that engiﬁe-out control was a very serious problem on the airplane.
With the hot thrust vectored down, the engine-out rolling moment was on the
same order as the lateral control capabillty. Some form of built-in rolling

moment compensation was- deemed necessary to alleviate the éngine-ou’c control

problen.

Blowing air from each engine was distributed to the flap panels and fuselage

BIC and to the aileron on the wing opposite the engine. Asymmetric blowing

~was produced by this system. The resulting airplane duct configuration

produced a nominal blowing distribution sketched in Figure 3.1-6. The flaps

were blowh by both engines; however, each engifie delivered 4i% of its cold '
thrust (C j) to the flaps on the opposite wing compared with 40% to the flap

on its own side. Each aileron was only blown with 10% of the cold thrust -
from the engine on the opposite side of the airplane. ’fhe rema.indezl of the

blowing air was distributed to the fuselage BIC.

-Asymmetric 1ift is inherently produced upon an engine failure (see' Figure 3.1-5.-) .

This 1ift distribution produces an aerodynamic rolling moment which opposes

the unbalanced hot thrust from the operative engine » thereby reducing the lateral

~ D6-2! -
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control input regquired from the pilot. Figure 3.1—5 iliustrates how rolling
moment is generated by one blown and one unblown alleron. This compensating

moment is generated with drooped ailerons and requires no pilot input.

Fiéure 3.1~7 shows the net engine-out rolling moment due to an engine failure
at landing flaps with 1‘;he thrust vector pointed ‘d..ownward (D=90°). at
approach power the engine-out transient is significantly reduced by asymmetric
blowing. As power is increased to the emergency setting on the rema.ining}
engine to recover a portion of the powered 1lift lost fa.fter an engine failure,
the engine-out rolling moment rises 'to an sppreciable percentage of the lateral
control capability. Figure 3.1-8 illustrates the lateral control situation
presented to the pilot in the simidator under this cpndition. Lateral controi
capability is degraded wunder enginé-out conditions. Without inherent roll
compensation, the airplane could not be _controlled at STOi. speeds as shown

by the "raw hot thrust" curve in Figure 3.1-8,

If the pilot rotated the fega.sus nozzle aft, the hot thrust rolling moment
was reduced and turned into yawing moment. Figure 3.1-9 illustrates the
phenomena at 60 xnots. For a go-around ( 9=.18°) almost full rudder is
required for control. Wi‘ch the hot tﬁrust rolling moment reduced, the built-

in aerodynamic asymmetric blowing results in reversed wheel deflection to

balance the airplane.

Asymmetric blowing also is effective at takeoff and climbout conditions. Even
at thrust vector of » = 18° an apprecieble rolling moment is generated

o ' ' _
(sin 18" = .31). The net, compensated rolling moment at takeoff flaps

(SF = 30°) and climbout speeds (Ve = 75 knots) is very nearly zero. Figure

REV SYM BDEING |vo. DE-21806-1
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3.1-1D illustrateé this characteristic. Note that with roll compensation

the airplane has sufficient lateral control even at V= 90°.

3.1.8 Pilot Techniques for Engine-OQut Control

The pilots were subjected to engine failures via a remote switch on the test
engineer's console. Thé three piiots who flew the simulatorgconducted
between them nearly one hundred engine failure conditions. Upon gaining

| control of the situation the pilots elther continued the approach or made

a.. go-é.round. Adequate contrc;l power existed in the gimulation‘to counter

the engine failure. Engine failure; on approach resulted in some increase
in ip_e_g_c_l which tended to further reduce the amount of lateral control input.
The pilots were able to gain control of the airplane ucing approximately

&y = 35° - 450 (8, = 75° max) and less than S = 5° (&g = 25° max). The
initial bank anglé upéet waé on the order of § = 7°. . In the recovery (added
power, changed thrust vector) bank angles of ¢ = 10° - .12° were used to return
to the runway centerline. - Use of rudder with the Pegasus nozzle aft ( D = 189)

increased the required levels to s R= 10° - 150.

Engine-out during takeoff climbout conditions produced a more or less
conventional airplane response. Very little wheel input was required
due to the inherent compensation. Lateral control for engine failure

on takeoff was definitely not a problem.

Even though adequate lateral control was availeble to trim the hot thrust
moment, the engine-out conditipn was by no means insignificant. The change
in sign in rolling moment with thrust vector coupled with the lack of dihedral

effect produced a :confusing situation to the pilots. The movement of the

thrust vector introduced yawing and pitching moment changes, further

AD 1546 D
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complicating the problem. These confusing charactérisf,ics‘, coupled with marginal

single-engine performance,ma.ke the engine fallure condition on epproach quite

taxing even with adequate control power.

Due to the unconventional engine-out characteristic, the pilots spent consider-
able time working out techniques for dealing with an engine failure. Two

distinct techniques finally emerged from this process:

Technique A
The technique favored by two of the ‘pilots was to immediately react to the

engine failure with an increase in the thrust of the remaining engine. It
the landing was to be continued the nozzles and flaps were left in the landing
com‘:’iguration and rate of descent wé.s varied using power and elevator control.
If a go-around was to bt; made, the ’nozzles were rais~d and the flaps

selected to 30° as the speed built-up, &s shown in Figure 3.1-1l .

This technique has the advantage of giving e quick recovery of most © the
1lift lost when the engine failed. 'However, the rolling moment builds up
sharply from the live engi:ne and requires a greater amount of lateral control.

Ad justment of rate of descent with i)ower with th_e nozzles at 90° gives only

-very small pitching and yawing moment changes, but large changes in rolling

moment.,

The initiation of the 'go-a.round also occurs at high powerA setting. Rotating
the nozzles in this condition gives .'a very large nose-up pitching momer.t and
a transfer of large out-of-balance moments firom roll to yaw. The last effect
tends to be very confus'm_g . Yo the pilot requiring a great deal of control

coordination to keep the wings level and the airplane pointing towards the

runvweay.
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Technigue B

The remaining pilot preferred to raise the nozzles immediately after engine
failure, and then increase the thrust. This technique minimizes the control
required to balance the failed engine, and was adopted by this pilot because
of his intense dislike of the confusion resulting from the particular set of
cues generated by the engine failure. Go-around was then initiated by flap
retraction at the correct speed. Figure 3.1-12 presents a "Technique B" go-

around.

For a continued landing, rate of descent was controlled by elevator and power
changes with the nozzles fully wp - a condition more in line with current
airplanes. Power application causes almost pure yawing moment and a fairly
strong nose-up pitch. However sufficient rate of sink may not be available
at reasonasble power seﬁ;ings to maintain a desired glide slope w:Lth the
nozzles fully up. In this case the nozzles must also be used to maintain the
glide path. Moving the nozzles c;aused sudden large rolling moments on the
airplane generglly close t.o the ground making the 1énding difficult.

3.1.9 Engine-Out Control with Reduced Roll Compensation

The larger portion of all landings and go-arounds on one engine were made with
the nominal asymmetric blowing levels. Data available at the time of the'
simlator investigation gave th'e foilowing asymmetric blowing conditions for
the approach power setting - |

3760 1bs.
= 2600 1lbs.

e One engine T
T

HOT
COLD

e Flap cross-over duct thrust - at flap nozzle = 1142 1b/engine (LL%)

o Flap straight-back duct thrust

[}

® At each aileron nozzle, thrust = 260 lbs. (10%)

158 1bs. (airplane ¢ ) (6%)

e TUpper fuselage blowing, thrust

at flap nozzle = 10LO 1b/engine(LO7

REV SYM BOEINE |vo. D6-24806-1
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Thus the cold thrust unbalance to the wing flaps was 102 lbs. in opposition

to the engine hot thrust. A reversed condition was flown, with the aileron

blowing unchanged but with the flap blowing reversed at 102 lbs._asymmetry
adding to the engine hot thrust moment.< This revgrsed flap blowing condition
resulted in the engine-out situation shown in Figure 3.1-13, At 60 KTS,
landing flaps and emergency power, approximately 75% of the available roll

control was required to statically balance the engine-out condition.

For an individual pilot in a number of engine-out conditions there was

’ and
considerable data scatter in the results - both because of techniquexspeed
and attitude variation between each run. Howevef, the general trend of

eventsshowed that a reversed asymmetric blowing required considerably more

roll control to balance-(50° to 70°5W compared to 35° to 45°& w» technique A).

The initial roll excufsions often'requiredrfpll vheel to arrest the motion, and
in several instancés this saturated control system condition led to a hazardous
pilot induced oscillation beling set up near the_ground. Aléo the evidence
suggests that with reversed blowingtthere wés a larger iaterél offset from

the runway centerline before the engine failurekcbuld be brought under control.

In some instances this offset Qas larger than 200 feet, which would make a

landing from an engine failure at low altitude extremely difficult. One
pilot's comments were: "Listen; it would be pretty hazardous to try to
continue the approach, I think. T felt I was quité marginal on control

trying to land the airplane”.

Technique B of course showed little difference between normal and reversed

blowing. However during the landing with {)= 180, this pilot on two occasions

REV SYM BOEING ‘No. D6-2L806 -1
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tried to use the nozzle to control rate of descent. The large rolling moments
induced with this level of reversed blowing immediately set up the lateral
P.l.O.and in both cases the pilot was unable to control the airplane to wings

level for the touchdown, as shown in Figure 3.1-1hL.

Reversed blowing asymmetry brings’the lateral control required to balance the
engine failure close to thevmaximum available. This increases the

probz oility of setting up an oscillation saturating maximum control which
could be hazardous. Raising the thrust vector nozzles could alleviate

the roll problem in exchange for control problems about the other axes.

The simulator study showed fhe reversed flap blowing which works agaiﬁst

engine-out control is unacceptable.

The simulator study verified that proper asymmetric biowing was helpful for
engine fallure conditions. Engine-out conditions can be controlled at
STOL operational speeds. Considerable design effort has been devoted to

assuring that the air ducting system delivers the ?roper blowing distribution.

3.1.10 Hydraulic System Failures
The lateral control system is powered by two hydraulic systems with manual

reversion to the ailerons as a back-up system. ~ A single hydraulic system

failure results in the loss of 'elther the chokes or spoilers (but not both).
According to the way the three control surfaces were programmed with the
pilot's wheel, the loss of the spoiler hydraulics presenté the lergest
degradation in roll control for small wheel inputs. Figure 3.1-15
illustrates this characteristic at the approach condition. The aerodynamic
data used in the simulator gave a reduced wheel sensitivitj (50% reducticn
at 20° %W’ 30% reduction at Lo° SW) , and slightly greater adverse yaw (but

still near zero) with the spoilers not operation.

REV SYM BOEING |no. D6-24806-1

‘PAGE 3.1o

ke



w

oy,

AD 1546 D

This condition was flown SAS on, with an’engine failure and in gusts, and also
off at STOL approach conditions (Sg=T5% Vo~ éoku) . Examination of the
records shows no apparent degradation in control cépability except for
slightly larger wheel inputs required to generate acceptable roll rates.
Pilots evaluated the airplane using different sizevwheel inputs in order

to be sure that the non-~linear conérol_effeéfiveness with‘the spoilers inoper-

ative was not a handling qualities problem.

Pilot comments were fhat non-liheafities in rolling moment caused no problems.
The airplene was still quite manageable without spoilers, and there seemed to
be adequate control power for a failure condition. The pilots wuld not

hesitate to land the airplane in this condition.

The manual reversion mode was assumed to have been caused by the total loss of

both hydraulic systems. Therefore operation of the_laxefal controls produced
aileron motion only - the chokes and spoilers being lockgd in the down
position. :fIt was assumed that rudder hinge moments were so high that the

poor mechanical advantage that the pilot has;wouid‘produce'ho rudder deflection
at all, and no rudder trim capability. Friction forces in the lateral control
system were judged high enough to prevent iateral triﬁ from working the-
controls. The SAS actuators were assuméd to be the hydraulically operated
type that lock to zero displacement when supply pressure is lost at the

actuators.

The simulator cab force-feel system was not capable of producing the full
characteristics of the force versus wheel displacement curves as laild out
in the simulgtor spec. A much simplified fdrce simulation without friction

was therefore used and is shown in comparison with the predicted airplane

SAS
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characteristics in Figure ‘ 3.1-16. The feel forces simulated were independent
of airplane speed and configuration. The fidelity of the manual reversion
feel force simulation was thus not as good ‘as hoped; however, the fc:ice level

was made as high as anticipated in the augmentor wing flight test vehicle.

and speeds in both calm air conditions and with a moderate level of simulated
turbulence. Both pilots were first asked to attempt a landing in the STOL
configuration, flap 7‘50 , 60 knots approach speed. The airplane was simulated

with the lover than nominal values of moments of inertia for all three tests.

The analog traces revealedadistinct difference between tﬁe Cy p = 0 and

CDF = =.25 cases for the STOL configuration. The' very unstable spiral
mode aésocia.ted with C 1; =0 requii-es full control a.uthority to keep the»
wingslevel. Generally the pilois used pulse-type wheel inputs to keep the
bank a.néle excursions below about ten degrees.’ Approximately 4% - 60° & v
was reqm'.red to do this ﬁth at least one full wheel input on each approach.
Peak roll rates use;;;; the order 5 to 6°/ sec, with pea.l; roll accelerations
of .15 rad/ seca. Close to the ground larger wheel inputs were required to

ensure ivings level at touchdown.

The more stable spiral condition at bg_P = f.25 was much easier to control,
there béing no apparent tendency to excite the le_ss damped dutch-roll
oscilla‘i‘.ion. On the average, wheel inputs for control were of the order
20° to %o Sw’ with occasiona.l_ use of 60° Sw. in maneuvering. Roll rates
vere generally between 2° and 49/sec with roll accelerations of about

2
.10 rad/sec .

Two pilots investigated manual reversion landings at various flap configurations
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Flying either of these conditions in mild turbulence created a heavy pilot

workload and Cooper ratings for these conditions were in the region of 8 to 9.

To evaluate whether the high wheel forces were inhibiting landings in manual
reversion, several’landings wére made with the low boost-on forces but with

only ailerons for lateral coﬁtrol. It was judged that lack of adequate control
with only ailerons was the largest factor in precluaing manual reversion

landings at STOL speeds. '

The pilots were then asked té séarch for an approach configuration with reason-
able handling qualities in the manu;1 reveféion condition simulated. Wheel forces

shown to the pilots were independent of airplane speeds and configuration -

airplane dynamics were the varying features in these runs.

Very little imprbvement-was found at thé flap-EOo configuration. Approaches were
conducted at 90-110 knots with flaps 30° and the improvement ~here was quite
noticeable. With CI;, =0 the approach‘ﬁas accomplishgd using?30°s§ maximum, with
roll rates of 2°/sec and roll accelerati ns of .0l rad/secz. Turbulence increased
thése values a little but the task was stll accomplished within a reasonable

level of pilot‘workload. At the higher approach speeds there was a.tendency to
induce pitch oscillations when nearingﬁfouchdown and both pilots finally settled

on touchdown speeds of 90-95 .nots as being satisfactory for this condition. Afte;

*

the first system failure on the airplane, the pilots vwill be instructed to seek

this emergency configuration (flaps 300) for landing at 90-95 knots. The emergency
configuration provides the highest level of safety attainable in the event of a

second system failure. -

One of the significant problems associated with manual operation was the lack .

of rudder control. The pilots complained about this deficiency. The present

REV SYM BOEING |vo. D6-21806-1 N
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rudder design does not include manual reversion capability. Changes to
the rudder system are beyond the scope of the basic modification program,

and no action in this area is anticipated.

3.1.11 Burst Air Duct

Engine fan air was supplied to the fla;p » a.iieron and fuselage via two air
ducts from each engine. One duct deiivered 0% of the cold thrust to the
flap panels aft 6f the engine. ' The other line distributed 60% of the cold .
thrust through a fuselé.ge erossover 'duct. to the body BLC and flap and aileron
blowing on the opposite wing. If this "60%"crossover duct were to break
inside the body and if the other "L0%" line were to continue to operate
normally, then a significant asymmetric blowing condition would resﬁt. At
the time of the simulator study, such a duct fa.ilure. was deemed possible.
Interpretation of the system design at the time of the simulation indicated
that the remaining 40% line would continue to operate normally, an
assumptlon which turned out to be more severe than the actual situation.
Figure 3.1-17 illustrates the bﬁrst duct blowing distribution and resulting.
rolling moment placed on the airplane. Very nea.r.ly 100% of thg existing
lateral control capability would be required to statically trim this
condition at STOL speeds. Thi:S bugst duct situation was simulated and

shown to one of the pilots.

The failure simulated was an instan‘ca.neo;.ls bursting of th;': 60% flow crossover
duct. The asymmetric 1ift and drag (causing rolling and yawing moments)

due to the failure were faithfully simﬁlated. Lift. loss and changes in drag
and pitching moment from the ailerons and changed lateral control effectiveness

were simulated as well. The simulation did not include the loss of 1ift and

AD 1546 D
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drag énd the nose-up pitching moment changes due to overall loss in Cj’ on the
two wings_ta.ken together. The simulation assumed that the center of pressure
of asymmetric 1ift was at the geometric center of the flap span. Statically,
for the\condition similated ($F = 75°, 60 Kts, Cj = 149, ¥= -7.5°), the
out-of-balance rolling moment required nearly 100%'oi‘ the available lateral

control to trim.

In the dynamic situation with the resulting upset in bank angle, the pilot

was unable to recover the airbla.ne at 60 kts. By deliberately pushing the 'nose
down and increasing speed, the p:i.lot' was able to recovery; however, 950 feet
altitude loss occurred in the maneuver. The height loss sustained before the

bank angle could be brought back to level was 700 feet.

Since the time of the simulator study several steps flave been taken to

alleviate the burst duct problem: '"Flow limiters" in the ducts have been deleted
from the design. If a burst duct should occur, airflow to the rem:ining duct
would be lessened considerably thereby reducing the rolling moment. Analysis

of the burst duct condition was also revealed that shut down of the "bad" enginé
or throttling up the » "good" engine would tend to balance the situation.

Increased emphasis has been placed on safe-life design and the use of dual

load path where feasible. The possibility of a duct burst is being made
extremely remote by design and by specifying frequent inspection for possible

cracks in the ducting._
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3.2 ILONRGITUDINAL CONTROL SYSTEM DESIGIl

3.2.1 Simulation and Longitudinal Characteristics

Iongitudinal aerodynamic cha.x;acteristics vere built up in the similator -ompu-
tations from tabulated wing-body data, an anslytical downwash model and
linearized horizontal tail characteristics. Aerodynamic data were a function
of angle of attack, flap deflection, aileron droop and cold thrust blowing
coefficient (C j) . BHot thrus‘§ effects were included directly into the
equations of motion inéluding the pitching moment vari?.tion produced by
thrust vectoring. The control colun:n gearing to elevator was simulated
along with limitations on maximum surface deflection. The stick forces
associated with the Buffalo spring tab system were presented to the pilot.

At 60 KTS maximum stick force for full deflection was approximately Fg = 40 1bs.

were made in the simulation, and no attempt was made to acfua.lly math model
the spring tab system. Control column 'dynamics were a.dJuSted untll deemed

realistic by the pilots.

All) flying was doné along the ava.ila.bie beét ‘estima.te of ‘the center of gravity
schedule with weight. The CG at OEW = 32500 1bE. was located at 23.5% C. As
fuel was added to increase weight the CG moved aft. At hOOOO Jbs. , where

most flying was done, the CG was spproximately 26% c. Weight and CG remained

fixed during any particular test run.

Longitudinal characteristics in the STOL flight regime are indicated by the
check-out data in Section 7.2. Trim at landing approach (51;. = 75°, 60 XTS)
lies on the "backside" of the drag curve resulting in mildly divergent flight

path stability. Operation on the "backside" of the flight path-speed curve

AD 1546 D

Stick force varied with airspeed as in the real airplane.  Certain simplificatiors
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required quula.tion of the thrust vectoz; levers as well as control column during
the approach. At all flap settings the airplane ‘had positive static longitudinal
stability in terms of elevator-to-trim versus speed. Static stability was
degraded by increased C 3 and by the nose-up pitching tendency at low thrust
vector angles (‘3 =18°). Stall charé.étcristics were not objectionable, but

lack of precise data at high angles of a.ttack prgcluded using anything except

smooth pitching moment characteristics in the simulation.

Even though the airplane had positi\:e static stability and more-or-less
conventional damping derivatives, longitudinal dynamic response was degraded

by the low flight speed. Response was characterized ;.s overdamped and sluggish.
Elevator step response is shown in Figure 3.2-1. Airspged' changes occurred

almost immediately with-control input producing a combined short-period

_and phugoid response.

One of the most significa.nﬁ aspects o.f.; the airplane wa.é the effect of rapid
changes in throttle setting and Pegasus nozzle angle. Figure 3.2-2
presents the "h;.nds off" response to sudden power "a.pplica.tion at 60 KTS in-
the landing configuration. TIncreased thrust added immediate 1ift to the
airplane in two ways, direct vertical hot thrust and an increase in wing

1ift due to cold thrust blowing. The load factor trace shows an

‘instantaneous .2g increase in load factor caused by running both engines

up to éinergency power. Without pilot input the airplane reduced angle

of attack by about Ad = -9° and went into its 18 sec phugoid.. Average
airspeed was actually less thaln the originai trim value. Power application
on landing approach (vertical hot thrust) produced considerably different

response than seen in a conventional airplane. '
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‘attitude increase. * (The airplé.he » 1f left unattended, would over-rota:te s

would sometimes increase.

The Pegasus nozzles were ioca.‘bed 30 inches_ below and élightly aft of the
center of gravity. On landing approach with the nozzles pointed downward,

the pitching moment produced by hot thrust was quite small. Rotating the
Pegasus nozzles aft then produced a substantial nose-up pitcliing moment
transient. The pilots disliked this effect and universally complained about
it. Figure 3.2-3 illustrates the airplane's response to a rapid nozzle
rotation from ¥ = 116° to Y = 180. The immediate effect of the pitching
moment was an increase in angle of attack and pitch rate. ‘,A_-";-\:e.r; a d&\ay load factor
increased and the airplane began to'climb. (In cases where ¥ = 90° initially,
load fé.ctor actually decreased momentarily upon nozzle rotation as the hot
thrust 1lifting force was taken away.) For the flight condition shown in

the Figure, the pilot applied dowm elevator to prevent an excessive pitch

slow down and stall). With nozzle rotation the airplane had sufficient

thrust to increase angle of attack and airspeed sirhultaneously.

3.2.2 Pilot Induced Oscillations

Very early in the study pilot indiiced oscilla.tion.s: ;vere experienced in the
pitch plane. This f.I 0. phendfnéna. was \mforsgég prior to the study.

A1l pilots experienced it- duri‘.ng egrly familiarization flying and é.t times
later on in the study. Any rapid pitchiﬁg moment input or change in flight
condition could set off P.I.0. 1In pa.rticular,_ Pegasus nozzle rotation

was most often the causing factor. Figure 3.2-4 presents a typical example
of a P.I.0. condition which occurred during an engine-out go-around maneuver.
The P.I.0. periocd was a.pprox;mately 3 seconds, and the amplitude very often
would remain relatively constant. P.I.Q. was occasionally encountered near

the ground as the pilot prepared to flare. In these cases the amplitude
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Some attempt was made to r;aduce the P.I.0. tendency. It was definitely deter-
mined that pitch oscillations could not be sustained without the pilot in the
loop. The motion system response was reviewed to determine if some motion
cue could be a contributing factor. To provide t}_xe ,’feeJ:‘ for a long-term
longitudingl acceleration, the motion cues .’provided"forev and aft cab tilt.
Rapid changes in axial aéceleration occur on the airplane due to rotation

of the Pegasus nozzles. These changes then commanded a rapid change in cab
tilt é.ngle. It was reasoned that this a.ngula.r change could have introduced
spurious angular pitching acceleratfons which confused the pilot. The cab
tilt signal was deleted from the motion s&stem drive, and the tendency to
induce P.I.0. declined after this change. Unfortunately, P.I.0. continued
to occur at times throughout the simulation testing. Whether pilot induced
oscillations will occur -on the actual augmentor wing flight test vehicle i.s

an open question. .

3.2.3 Longitudinal Stick Forces

It is a requirement that the pilot be able to control the airplane in pitch
and roll using one hand. The pilots felt that th'e longitudinal stick forces
at 60 KTS were too high for good one-hand operation. High stick forces
prevented the pilot from freeiI}g hig thumb to operate the trim switch and
still ma.inté.in precise control. The stick forces were arbitrarily reduced
by -50%_ (max. Fg = 20 1bs. at 60 XTS) to evaluate their effect. (Combinations
of reduced lateral and longitudinal forces were tried at this time.) ‘The
pilots very much preferred the lower stick forces, and the tendency for P.I.O.

was Jjudged to be further reduced.
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elevator at &, = 2.80 DEG/SEC. This faster trim Tate should alleviate the

Reduced longitudinal stick forces require changes to the elevator control
system beyond the scope of the basic augmentor wing flight test vehicle

program. Action in this area is not enticipated at this time.

3.2.4 Longitudinal Trim

A thumb switch activated electrical trim system was provided in the simulation
in keeping with the alrplane design. Longltudinal trim rates were evaluated
as follows:

EQUIVALENT ELEVATOR TRIM RATE PILOT COMMENTS
Se DEG/SEC
1.75 Too slow!!
2.80  Better -
3.50 OK for 60 KTS, too

fast for 140 KTS

As a result of the simulation, the trim tab motor in the modified C~8A will move thel

high stick force problem to a large extent.

—

The flap/longitudinal trim interconnect program was not included in the
sinn;lation. The elevator angle required for trim throughout,: the flap transition
maneuver was quite small. With 'adequate trim rate, the trim intercomnect was
not needed for the transition maneuver. Other considerations » such as excessive
;ose down trim capability at cruise,will establish the trim interconnect

program for the actual flight test vehicle.
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3.3 LATERAL-DIRECTIONAL STABILITY AUGMENTATION SYSTEM “VALUATION

3.3.1 Introduction

The lateral-directional stability augmentation system for the modified C-8A was
evaluated during the week of November 3 througl November 6, 1970. The primary
pﬁrpose of the evaluation wé.s to verify:
. e The controllabiiity of i%e airplane under VFR conditions at
the "Approach" flight condition without stability augmentation.
o The control laws and gains derived in the studies at "Boeing".
o The proposed s&stem authority limits.

The evaluation was dome primarily at’the following conditions:

FLIGHT CONDITION
Approach - V= 60 Kts., F75°, \( = 7,57
50 Kts., F50°, ¥ = -7.5°
75 Kts., F30°, ¥ = o°
Takeoff = Vg = 75 Kts., F30°, ¥ = 18.5°
Cruise = V, =150 Kts., FlL.5°, ¥ = ©°
- V_ =160 Kts., FL.5°, Y= 0°

_Ve

Holad - Ve

ATRPLANE CONFIGURATION

Two sets of inertias - Nomina.l, and réduced {011 and yaw inertias

Varying dihedral effect (CJZ £ = .0 and -.25/Rad)

ATMOSPHERIC CONDITIONS

Calm Air
"Moderate" Turbulence (L'/Sec RMS turbulence with random discrete gusts

giving 8° bank angle change in 1sec.)
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Performance evaluation taské included the following:
¢ Repid twrn entry to a gi;ren bank angle with roll-out
to a specific heading.
e 200%£oet sidestep maneuver initlated at 300 ft. aititude
to a landing. | '
o Localizer fra.cking.
All tasks were done under VFR conditions only.

Following are the major results from the similator evaluation.

¥

3.3.2 Criticality of SAS

The airplane was found to be landable by all pilots at the 'approach' flight
condition in moderate turbulence with no lateral-directional stability
sugmentation. Total lo.ss of the a.ugmenta.fion systex# is therefore acceptable
from a safety ifiéﬁlpoint. Howéver » the pllots commented that they would nbt
imowingly transition .into‘the _'Fa.pproach' flight condition without stablility
augmentation, but would la;nd at & ixigher approach speed to take advantage

of the improved handling qualities. (sée Section h; 3)

3.3.3 SAS Control Law Evaluation

—

The simulator check-out and investigations prior to the SAS evaluation period
started with the system shown 1n Fiéure 3.3-1. This was modified for the

SAS evaluation to reflect the latest system configuration shown in Figure 3.3-2.
This later system uses gain switching as a fuxiction of flap position (instead
of a more complex airspeed gain control) to provide a more uniform response' over
the total flight envelope. A subseguent c@ge in the trim corﬁition from
Flaps S0° to Flaps 30° for fhe 'takeoff" and 'hold’ flight conditions therefore

had little effect, with F50 gains being used at F30. F:fgure 3.3-3 shows the

“ © D6-2L80E -1
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final system configuration arrived at during the simulator evaluation. These

gains and control laws were found acceptable by all pilots.

The majority of the work was done at the approach flight condition,‘ which
exhibited the poorest handling qualities. Little difference was noted in

the airplane response with C Ap = .0 a.nd.c 1 l‘ = .25/RAD SAS on; changes in
airplane inertias were appareni however, with the nominal inertia configuration

being down rated due to the reduced roll damping.

Roll control was the biggest single-problem, with all thz;ee pilots commenting
on the difficulty of precisely controlling roll attitude without continual
wheel inputs. Increasing the roll rate feedback gain ( ‘S?;/P ) from -1.2 to
-2.0 was considered a definite and desirable improvement by one pilot;

second pilot liked the increased damping but objected to the reduced wheel
sensitivity and preferred the lower ga.in. - Another pilot ‘felt that roll
control deteriorated with increasing bank angles, control being good at

10 degrees, falr at 20 degrees and moderately difficult at 30 degrees.

The only augmentation considered desirable at cruise flight conditions was a
S A
yaw rate damper. The ﬂ, damper®*was ‘not as satisfactory, presumably due to

the roll attitude feedback gain which was set for the ‘'approach' condition.

A
The f5 damper was evaluated at the ‘approach' condition with and without the

bandpass filter, with no differences noted.

3.3.4 SAS Authority Requirements

Authority requirements were evaluated primarily at the approach flight

condition; with the pilots being asked to fly roll angle maneuvers that they

*

considered reasonable.

_AD 1546 D

#Directional SAS using pseudo rate-of-change of sideslip feedback
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Typical maneuver magnitudes and maximum SAS inputs with moderate turbulence

are as follows:

: MAXTMUM SAS INPUTS
MANEUVER sas | & sas SAS * sAS
Sw Sw SR ' SR
¢ = 10%15° 18° 3509/sec 7° 14°/Sec
Pp < 8%/Sec
$ = 15°— 20° 21° 20°/sec | 10° 10°/Sec
Pp < 12°/sec < '
¢ = 20% 25° 23° 209/sec | 10° 20°/Sec
Py < 14°/sec

It should be noted that the SAS inputs, evén though péa;k valwes, _a.ré lgss than
the a.uthorities use;fl for the failure eva.lué.tibn. ‘Figure 3.3-k shows a typical
time~history of the airplane and SAS response in calm air at the 'approach'
flight condition. h

The effect of position- limits on the SAS performa.hce was investiga.téd. In
the directional axis, }the minimum satisfactory guthority was found to be

T 5° SR' Authorities less than this resulted in degraded turn coordination.
In the lateral axis, an authority limit of 1505 w appeared satisfactory.
Authorities less than this resulted in an increased pilot. workloa;d. Although
reduced position authority limits degrade performance and increase pilot
workload, they do not cause control or instability problems beyond those of

the free airplane.
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Minimum rate limits for the SAS configuration shown in Figure 3.3-3 were not

specifically determined, with the ¥stem rate limits considered satisfactory for

lateral é.xis was found to be too low for a control wheel steering system that

- was briefly investigated, causing P.I.0.'s with two evaluation pilots.

3.3.5 SAS Failure Transients

Flaps Down

Hardover and oscillatory Pailures were evaluated at the takeoff and approach

flight conditions using the following authority limits:

Axis Position Limit Rate Limit
Lateral e s, 309/sec &,
Directional 12.5° 8y . 15%/sec 3

After a failure in the a.pp:"oa.ch condition the pilo‘bs were asked to fly to a
landing; after a failure during takeoff, the ﬁilots were asked to maintain a
constant heading. No pilot delay prior to recovery action was. used.

Failures were inserted at altitudes ranging down to 60 ft.

Recovery from single axis hardéver failures, é;.ther lateral or directional,
was no problem at the approach flight condition, with a successful landing |
made iﬁ all cases. Comparable results were found with ﬁardovers during
takeoff. Oscillatory fallures also posed no recovery problem. A
simultaneous hardciaver in the iateral and directional axis during the approach

was felt to be the most difficult failure, but still considered acceptable.

the proposed SAS configuration. However, the 30 deg/sec aileron rate limit in th

D
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Because the SAS quick-ﬁisconnect switch was not available in the simulator R
pilots did not switch out the failure.until théy had the initial transient
under control. This switch will be situated on the control wheel i:. the
actual airplane. and would normally be used to disconnect the SAS in the

event qf a hardo#er. Typical maximum values following a hardover failure

at the approach flight condition are as follows:

ROLL SIDESLIP RUDDER CONTROL
ANGLE ANGLE PEDAL WHEEL

DIRECTIONAL 6° 15° 2.5" -

LATERAL 10° 5° 6 57°

HARDOVER ’

DIRECTIONAL AND 12° 12.5° | 2.1" 65°

LATERAL HARDOVER A

Flaps |

‘Directional axis hardovers were evaluated af the maximum crﬁise flight condition
(Ve = 160 Kts) by two pilofs. The evaluation was started‘for the first pilot
with the authority at 12.5 degrées fﬁdder defiéctiqn. This gave an
unacceptably large transient. Successive attempts at reducing the transient
indicated a maximum permissible aathorit&_of‘f degrees rudder deflection.

This authority, which was the starting point for the second pilot's evaluation,
was rated unacceptable by him. His preference was to have no SAS flaps up
rather -than be open to such large transients. Further tests were not done
since performance requirements at the ’approaéh' flight condition indicated
thé desirability of authorities greater than this. As a result of these tests

no SAS is provided for the flaps up configuration.
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3.3.6 Control System Resolution

Lateral control system deadzone effects wgre’eyaluated at the 'approach' flight
condition, with the deadzone inserted downstfeam of aileron power control unit.
Both SAS and pilot inputs were therefore subjected to this non-linearity.
Deadzones as low at 1.506 - (2% max. pilot a;uthqrity) were ﬁoticable to the
pilot, causing an lncreased pilot‘workload due to the spiral divergence.
Efforts are therefore being made to keep contro; sysfem deadzones to less than

L

one degree.

3.3.7 Control Wheel Steering (CWS)

A series control vwheel steering mode was briefly evaluated as an alternative
to the lateral augmentation system shown in Figure 3.3-3. The CWS system
provided a roll attitude hold capability, as well as‘elecﬁrical feed forward
for response quickening. Pillot commands are transmitted'mechanically to the
aileron PCU in thé normal manner. In addition, a series servo actuator adds
or subtracts to the mechanical signal proportional'to the roll attitude error.
This error signal is derived~frpm the desired roll rate, ;hich is,propértional

to control wheel defleqtion, and the actual roll fate and attitude.

A block diagram of the CWS system 15 shown‘in Figure 3.3-5. This configuration
did not give a totally satisfactory pilot response, partially due to inadequate
system check~out time. The evaluation was furtber compromised by low servo
rate iimits which tended to cause pilot induced oscillations. Despite these
shortcomings, the advantages of such absystém, particulariy in turbulence,

vere appsarent.

3.3.8 Automatic Speed Control

A simple speed control system was briefly evaluated, usiﬁg vector control of the
Pegasus nozzles to maintain the desired airspeed. - Only'éirspeed hold, not -
REV SYM BOEsVE |vo. DE-218061 >
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airspeed capture capability was provided. The following control law was used:

>

V = instantaneous airspeed

nozzle angle, -~ . [ - o L

VeER

K

desired airspeed

i

system gain, deg/kt.

A gain K=15 deg/kt. was considered d.esira.ble » keeping the airspeed error within
2 kts. during normal ‘approach’ maneuvers, including 200 ft. sidesteps. Nozzle
deflections varied between Y = 50° and 9= Jléo , with maximum nozzle rates
(in calm air) of approximately 10 deg/sec. No adverse pitching moment or

pilot coupling problems were noted with the system operating.

One deficiency of the system was noted during a simulated engine failure.
Airplane response to an engine failure without $peed control is such that the
speed autématically increases toward the “go-around" speed. With the speed
control system engaged, however, this speed increase commanded the» nozzles
fully forward to maintain the normal 'approach' airspeed. This nozzle
movement increases the sink rate, and hence the altitude loss following

an engine failure, considerably. This made the éystem unacceptable to the

pilot, even though it did reduce the workload during normal operation.

3.3.9 Rudder Induced Rolling Moment

The conventional airplane response to rudder pedal deflection (negative rudder
surface) is to roll in the same direction that the pedals are deflected, i;e.,
right pedal produces right roll. During Athe SAS evaluation, one pilot noted

that the augmented airplane with CQ p o 0 rolled left with right pedal

REV SYM BOEING |vo. DE-21B06-1
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deflection. . Roll rate pef degree of rudder was approximately 0.2 deg/sec/deg
rudder. This reversed response was disturbing to the pilot. The free

airplane was found to respond in the conventional manner to rudder inputs.

A subsequent ' linear analysisftindicated that the free airplane responds in

the conweﬁtional manner only for the first 8 seconds, and then reverses itself.
Further analysis showed that to produce right roll with right rudder pedal, the
augmented airpleane must have a.Cp/5 = =.075/RAD. If the airplane has neutral
dihedral effect and it is stréngly felt that conventional roll response due to
pedal deflection is required, then tiis can be obtéined with a rudder to

aileron interconnect, using a gain Sv = -.66. Such an interconnect is not

being incorporated into the design at the present time.
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3.4 ENGINE AND PEGASUS NOZZLE CONTROL SYSTEMS DESIGN

AD 1546 O

Predicted engine and nozzle characteristics were investigated from the point

of view 9f control, airplane handling qualities, and to gain an insight into
operational procedures for the augmentor-wing a.irplgne. The following conclusions
are drawn from the comments of the three pilots who flew simulated engine fallures,
go-arounds, normsl landings, 1a.ﬁdings in turbulence, transitions from flaps up

to landing configuration, and landings with various flight control system failures.

3.4.1 Engine Acceleration and Deceleration Characteristics

Figures 3.4-1 and 3.4-2 show the acceleration and deceleration characteristics
for the engine used in the simulator. ‘These charts are plotted in terms of
total thrust (hot and cold), so that the non-linear relétionship between
cold thrust and total thrust will actually give diffei'ent characteristics
for the hot gas thrust and the Ja.ugmented c_:old flow-'blowing on the wing. "I.'he
time lag be‘bweer; a chaﬁge in engine speed and the cha.hge in pressui'e and
mass flow from the flap nozzles was considered to bé small enough to be
neglected in the simulatién. | With these charéctéristics s full power was
available two seconds after selection from approacﬁ thrust setting to full
throttle. This was ‘considered to be adequaté fgx; xi"ecovery from engine
failures,‘ for baulked a.pproaches: and for landing flares using power. No
adverse comments were received on engine deceleration times even though
these had been deliberately slowed down to provide engine protection against

back pressure from the flap blowing ducts.after ra,pid throttle retardation.

3.4.2 Engine Surge-Bleed-Valve Operation

The step changes in thrust that occur when the surgé-bleed valves open and
close were simulated as shown on Figure 3.4-3. The thrust changes were

deliberately exaggerated in an attempt to ensure tﬁa’c they were noticeable

REV SYM . BOEINEG |vo. DE-21805-1 \

!PAGE 3.6:

ELTOO2



7

AD 1546 D

to the pilot. The piiot .could not detect the thrust hysteresis since it was
always masked by the fhrust change due to throttle motion. The throttle
posi‘ciop at which the valve operated was then changed to coincide with the
trim position for the flight condition being simulated, Flaps 75° , 60 knot
approach speed. Even then the pilot di@. not detect the thrust ché.nge since
he never settled the throttle at exactly the position where the bleed valve
would operate. Assuming that the surge-bleed valve cannot be operated by
changing engine conditions induced by airplane maneuvers, there should be no

noticeable accelerations due to surge bleed valve operation.

3.4.3 Pegasus Nozzle Rate and Deadspace in the Nozzle Control System

Time histories of the nozzle response to a step control lever input on the
Hawker Sid.deléy Harrier were obtained from NASA Langley. This data showed
a maximum nozzle rate of about 75 deg/ Sec;. howévér taking into account the
small ta.il‘ on the response, an average value of nozzle’ rate was 60 deg/ sec.
To ensure that these average rates were ‘ﬁot too low, these were the values

used at all times in the simulation.

Control of rate of descent by vectoring the hot thrust was the standard
mode of operation of all three pilots. However their techniqﬁe differed
widely between the limits of ome or two large changes in vector angle per
approach to a technique of almost constant smaller motion of the nozzle
levers.” At no time was there any comment on lack of resﬁonse or of poor
sensitivity, even though the pilot often moved the lever fast enou:: to
exceed the maximum nozzle rate. In typical go-around situations the
nozzles were raised from the nominal approach §osition to full up in
about 1.5 to 3.0 secondé.

REV SYM BOEING |vo. DE-21806-1
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A deadspace of £ 3° nozzle angle was added between the pilot's J.ever and the
exshaust nozzle and evaluated during approaches at flaps 75°, 60 knots. Due
to the general technique used by the pilots (fairly large open-loop movements

of the nozzles) no adverse effects were felt from this deadspace.

3.4,4 Pegasus Nozzle Angular Travel Limits

The static performance available from the nozzle angular range of travel from
18° to 116° is shown on Figure 3.4-4 for thé approach configura.tion. During
the simulation period, full downward and forward vectqring, of the hot thrust
(/= 116°) was rarely used except for short periods during the transition

from flaps up cruise to la.nding’.. In the flaps up condition full forward
vectoring produced an adeguate deceleration of 2 to 3 ¥nots per second in

level flight. In the approach configuration full forward vectoring produces a
rate of descent of 1400 £t/min at a constant 60 knots. This descent
capability was more than sufficient to regain the glide pg.th even from some

transitions which were started very close to the runway.

The nozzle vector angle also affects controllability dL.ming a.n engine failure.
As the nozzle vector angle is changed in »Aorder to go=-around a.ffer an engine
failure, the rolling and ya.ﬁing moments change &8s descri‘béd in Section 3.1.7.
The rolling moment changes sign' and the yawing moment builds up to high
values, requiring the pilot to reverse the wﬁeel to trim and to apply rudder
to balance the airplane. Prior to the simulator period it was felt that
controllability might be improved by restricting the minimzm nozzle angle

to 40° instead of 18°, thus preventing reversed rolling moments and reducing
the peak yawing moments. A short investigation of these effects in the

simulator revealed that the effects on controllability were very small and of little

REV SYM BOEING ‘no. D6-24806-1 _)_

lPAGE 3.66 6-TC00



AD 1546 D

consequeoce compared to reduced go-around performa.ncé at the new minimum nozzle
angle. Also the out-of-balance rolling moments at flap angle of 30° presents
a different plcture. Restricting the nozzle angle to 4OC here would actually

increase the rolling moment that needs to be balanced during the go-around.
The available travel of 18° to 116° was therefore considered adequate.

3.4.5 Nozzle Lever Handle Design

The layout of the throttle levers and the vector controls used in the simulator
cab had been styled fairly closely dfter the existing‘ alrplane throttle and
propeller pitch controls wlth certain modifications to the la.tter‘to serve as
nozzle vector controls. Prior .to the simulation period it had been felt that
the vector controls should be longer than the throttle levers (which are closer
to the pilot) in order to ensure that the pi.lot could easily reach the nozzle
levers around 1-:h'e thi‘ottles , see Figure 3.&75. ‘Also, it was felt that

there might be a sensitivity pro'olem due to ’the restricted travel of the

nozzle levers (38° overall) which control the Pegasus nozzles through an

angle of 98 ‘I'he nozzle controls in the simulator were 'bherefore provided
with a larger travel than tha.t a.va.ila.'ble in the a.i.rplane , but for the initial

evaluation this travel was blocked. off at 38

The initial 3 1/2 to 4 1/2 hours of flying by each pillot was devoted to
familia;jization. The program included noma.l Wo-engine ‘approaches, in

calm and gust conditions; engine failure followed by landings or go-arounds;
complete transitions from flaps up configuration to landing; approaches without

the stability asugmentation system and approaches at various flap settings
and speeds.
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At the conclusion of the famili&rization period, and prior to beginning formal
testing and evaluation of airplane design features, each p?lot'was asked to
comment on the suitability of the nozzlé lever/throttle lever layout. All
three pilots indicated that the existing geometry vould be adeqv&te for the
rest of the evaluations but reserved the right to make a final choice for the
airplane following the planned evaluation at various nozzle lever geometries

in the final phase of the simulation period.

During the later evaluation of lateral control system'design and éngine-out
control it became obvious that at least one of the pilots was operating |
the nozzle controls by holding the lever well above the knobs provided.
Questioning the pilots revealed a universal opinion that the existing levers

were too long. -

‘On the final day of the simulaﬁion, flying began with a nozzle iever of the
same length but with a stirrup type or 'D' handle. The pilots immediately
felt that these wquld be ;o improvement over the other long levers and

so they were replaced wiﬁh a set of lévers of the .same length as the
existing propellér pitch controls in thé Buffalo (about 1.2" shortef than
the throttle levers), see Figure 3.4-6. =

‘Pilot comments on these levers were that they were easier to use, and
enabled easy transfer of the hand from throttle; to vector levers without
diverting the eyes from the airplane instruments or the outside field of
view. The only comment received on lever trawel was that the 38° available

was probably too long and that no sensitivity problems existed.
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3.5 EVALUATION OF STRUCTURAL DESIGN CRITERIA

In dealing with the structural design requirements of the modified Buffalo,
which involves an entirely new 1ift and thrust producing concept, a number of
questions arise due to the lack of backgroﬁnd knowledge of the vehicle flying
charactefistics. Past experience with more conventional airplanes is not
necessarily applicable to thé new design and an overall lack of feel for the
airplane at its operating exﬁremes hampers the deiinition of likely overspeced
conditidns or recovery load factors, etc. The piloted simulator was uséd to
gain the necessary experience, and a' specific investigation was conducted with

this in mind.

Two pilots particiﬁated_in this exercise both in the conduct and'the planning
of the tests in order to draw upon their extensive backgrounds in certification
testing requirements. The testing was split into five parts,each test being
aimed at answering questions that had been posed by the Structu:al Dynamics

Design Staff.

3.5.1 Airplane Characteristics at the Placard Speeds

QUESTION: Is the behavior of the airplane conventional at speeds near
the placards?

—

How likely are overspeeds and upset conditions?

The preliminary placard speeds used during this evaluation were 90 knots at
flaps 7§°, 95 knots at flaps 50°, 105 knots at flaps 30°, and a Vo OF 160
knots flaps up. Airplane handling qualities were evaluated at each flap
placard speed by investigating‘tﬂrn entries énd exits, sprial stability,
directional stability, stick-force-per-g and static longitudinal stability.

Each placard could be reached by a number of combinations of thrust setting,

REV SYM BOEINEG |vo. DE-24806-1
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nozzle angle and wing incidence and in the course of the tests tﬁese placards
were reached in dives, in level ﬂight a.nd in full power c}imbs Despite the
large negative angles of incidence which were produced at the placard speeds -
for flap positions of 75 and 50 degrees, no unusual airplane 'cha.ra.cteristics
were found. However, the negative é.ngle of attack at which the ]_.ea.ding edge
device will stall is not accurately known and these effects were not simuilated.
It should be noted here that the evaluation at fla.ps 30° was conducted with the

SAS gains set for the flaps 75° configuration.

The only noteworthy event in the handling qua.litie_s evaluation was the powerful
effect of the Pegasus nozzle control as a producer of instantaneoﬁs thrust

or dra.g. In posiﬁioning the airpla.neﬁnear the placards with a high power
setting and the nozzles :rectored to 55 it was rela.tively easy to accelerate
rapidly through the pla.ca.rds by merely rota.ting the nozzles to the 18° position.

Recovery was equally prompt by vectoring to 90° or more.

A complete approa.ch and la.nding was completed at 85 knots at flaps 75 with no
tendency to overspeed. pa.st the 90 knot placard and no unusual flying character-
istics were noted. A full stall at approach power was conducted with a diving
recovery with power on. Again, there was no telidency to exceed the placard

speed during recovery and no unusual attitudes were produced.

To further test the adequacy of the placard speeds an overshoot and climb-out
condition was set up from a trimmed 60 knot approach at 11,200 rpm (a setting

a little lower than the nominal approach flight condition).

At this same engine setting, the Pegasus nozzles were vectored aft and the
flaps raised to 50° (at a fixed rate of 6 deg/sec). At a trim speed of 8k4

knots the airplane was still in a shallow dive at 100 ft/min. The flaps

|mg 3.76
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were raised to 32° and the airplane setd:led at 102 xnots in approximately level
flight. The flaps were ralsed to the up pesition and the speed rea.cimed a
maximum of 130 - 140 knots. The pilot felf the.t this exercise demonstrated
the adequacy of the preliminary placards at flaps 75, 50 a.nd up, but that

there was far too little margin at flaps 30'. A repeat of this condition
selecting flaps 30° immediately a.fter vectoring the thrust aft showed

that 105 knots could easily be exceeded even when the power was pulled back.

Data taken earlier in the simulator dinvestigation (during pilot familiarization
with transition tech:aiques) had shown a similar story. Only one of the

pilots was briefed on the sugge:ted placard speeds prior to this investigation.
This pilot kept 4 out of his 5 Tuns inside the suggested placards. The one
exception was within the placa.rd at 50 fla.p but passed through the 115 knots
at flaps 30. Figure 3.5-1 shows the speeds at flap angles of 30 and 50° used
by all three pilots ; points from the same transition being conveniently
connected by a ‘s‘bra.ight lide. The figure shows tha.t the slopes of these

lines (for a 2 deg/ sec fla.p retra.ction rate) are for the most part parallel,
and that using this general slope a fla.pv pla.card ‘speed of 120 knots at 30 flaps
would be consistent with 95 knots at 50° flap. ~If the placard at 30° flaps
were raised to 120 knots all but-three of the 16 transition cases would be

included inside the revised placards.

The effeet of an increased flap rate on ’chie picture is not immediately clear
although ﬁe might expect that an increased fle.p retraction rate would flatten
the slope of the lines.. However, bearing in mind the pilot comments from
the other tests analyzed, .the‘ following recomenda.tions for operational flap

placard speeds have been made:

’ﬂflﬂﬂ ‘ NO. D6-2L806-1
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Flap Angle

uP (4.5°)

3.5.2 Overspeeds and Upsets

FLAP ANGLE TRIM SPEED KNOTS

v Op.

" 160 Knots
120 Knots
95 Knots
Q0 Knbts

QUESTION: What would be a typical overspeed value and what are the
likely load factors used in recovery from 6verspeed conditions?

To answer this question the pilét; were aéked to trim in a'30 degree bank
turn in a full power climb at thé placard speed for each flap angle. The
controls vere then relegsed for five seconds, and a prbmpt recovery to

speeds inside the placard was then_accomplisﬁed. In agreement wilh our
initial findings of good longitudinal static stability and acceptable lateral-
directional dynamic stability at the placard speeds, the overspeed values
were quite small, eicept at the flaps up condition whére the spiral mode

was unstable. The results of these tests were: .

FINAL SPEED KNOTS PEAK RECOVERY LOAD FACTOR

5 88
90

50 ok
30 104
105

103

k.5 166

nine knots overspeed condition.

93 Condition Terminated
ol 1.16
97 1.16
114 1.h0
113 1.28
114 1.32

175% 1.4k

* In this case there seemed to be an offset in the pilot's ASI. The 166 knots
would appear to be 160 knots indicated. This case should be interpreted as

REV SYM
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During the previous evaluation of a.irpla.n'e'ﬂying qualities at the flap placards,
inadvertent overspeed conditions occured during the evaluation in turning flight,

as follows:

Flap Angle Maximum Speed
B ok

50 41'02

30 110

In the dive to the flap 75 placard, a pitch angle of 12° nose down was needed
to reach 90 knots. A deliberate overspeed to 99 knots was achieved by
increasing the piﬁch dive angle to 16°. This is considered to be a sufficient

deterrent to exceeding the landing configuration placard épeed in diving flight.

3.5.3 Step Gusts at Minimum Operation Spéeds

QUESTION: What effect do step gusts h_airé when flying near the minimum
operational speeds? ’

How would the pilot r_ecovei' from such gusts?

Likely minimum operating speeds were. -se£ at s

50 Knots Flaps 75
50 Knots Flaps 50
- 60 Knots Flaps 30

90 Knots Flaps Up

Again, these speeds may be reached by a numbér of different combinations of
thrust and nozzle angle. One pilot set the conditions for an ap roach to

land at these speeds using enough pover to give reasonable incidence values.

AD 1546 D

_REV SYM BAEING |ro. D6-21806-1 N
‘PAGE 3.79

§-7000



The second pilot used approximately the standerd approach power setting and

simulatéd an inadvertent slow down to the minimum speeds.

The oniy gusts used were 15 -knot. -step‘ tail winds. | In all cases the alirplane
résponse to the step gusts was sb fast that the Vpilots couid not adequately
sc:ompensa:t:e. The natural .tendency was to overcontrol the airplane in pitch
producing a forced oscillation‘ with attendant load faétor excursions. Howcever,

the peck excursicns were still quite smell.

Maximum Values in Recovery

Flap Angle O(‘I‘rim oL n,
75 0° 15° ‘1.24
50 3 1 1.25

30 9 12 106
.. up 11 18 1.00
75 - .12 2% 1.20
50 - 18 30% 1.3

3.5.4 BEvasive Man;auvers

QUESTION: What are the maximum tail 1lift coefficients developed
during evasive maneuvers?

These tests were %o be conducted flaps up at VM)’ flaps 50 at the placard,
and flaps 75 at approach speeds. Due to lack of time the only condition

completed was the landing configuration at 60 kmots.

* Conditions trimmed at low power stalled in the gust.

AD 1546 D
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The pilot was asked to perform a sudden evasive maneuver during an approach
assuming that he had suddenly sighted an airplane crossing his flight path.
The evasive maneuver was & wings level pull up to maximum elevator angle.

A peak load factor of 1.28 was reached at an O{F of 170. - The speed fell

"to 46 knots before recovery. The maximum tail 1ift coefficient recorded
[ ]

was CLtail = -.27 based on wing reference area, or -.725 based on horizontal
tall area.

3.5.5 Nose-Gear-First Touchdowns

QUESTION: How likely is it that the airplane will touchdown nose-gear
first?

The most iikely conditions expected to produce nose-gear touchdowns were
light weight approaches at speeds above the approach speed. A 35,000 1bs.
condition at 60 knots was evaluated in which the a.irpla.ne was 'bfimmed. at
O{F = -1.75 degs on the 7.5 degree glide slope. Increasing speed to 65
knots during the approach resulted in a nose down pitch angle of ©= 9.0°
and the subsequent touchdown occured at 6= -3.2?. For this condition
further rotation to clear the nose gear caused. the airplane to climb away
again instead of landing. o .

Previous landing conditions had shown that large nose down pitch angles
would be induced by flying with high power levels on the approach. Again

in these conditions a flare for touchdown resulted in the nose-gear touching
first.

It was therefore concluded that nose-gear first touchdowns were quite likely

to occur and should be considered in the structural design.
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3.6 HYDRAULIC SYSTEMS DESIGN

The orginal hydraulic systems on the Buffalo used relatively small capacity
pmz;ps\with inherent limitations on surface rates. Early planning for the
simulator study included considerable testing aimed a.t' identifying acceptable
flight control surface rate limits. A design decision was reached just
prior to the simulator study to use larger hydraulic pumps on the modified
airplane. These pwnps had hydré.ulic flow capacity sufﬁcient to provide
rapid. surface rates on the primary flight controls. A fast flap retraction
rate was predicted to be essential to clean-up during a single-engine
go-around with minimum a.lf.i’cude loss. Flap retraction between %, = 75°
and ‘3()O was to be accomplished in two seconds followed by a slower rate
between SF = 30° and fiaps up. This flap rate taxed the capaéity of

the larger hydraulic immps when dema.nd;éd concurrently with other contro;
activity.- The test plan for the simulator sfudy was to evaluate how fast
the flap retractién ra‘ﬁe should be. If fhg fast rate were required,

then primary control suzlface rates were to be evaluated to assure that

fast surface response vas indeed Justified.

3.6.1 Flap Retraction Rates

-—

The flap retraction rate was expected to affect the two-engine baulked
approach as well as the single-engine go-around. However, the airplane
had 'good climb performance even at full landing flaps ( 3y = 75°) on two
engines at talkeoff power and Pegasus nozzles rotated aft. Rate of descent
on landing approach ( SF = 75°, 60 KIS, 7.5 deg glide slope) could be
arrested within 15 to 20 feet of altitude by power application followed

by Pegasus nozzle rotation. Reversing the sequence and rotating the

nozzles aft prior to power application increased the altitude loss to’

AD 1346 D
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nearly 50 feet before climb oujh was established. There was no demand for

flap retraction, let alone flap rate, to accomplish a two-engine go-around.

Single-engine go-around maneuvers reguired considera.bly more altitude

loss as discussed in Section k1. Flap retra.ct.ion was riecessary on

one engine to clea;x up for the go-around. Ma.ximmn altitude in the neneuver
vas generally reached just as fhe lfla.ps were reaching SF = 30° where
positive single-engine clim!:; capability existed on the alrplane. Flap
retraction time to reach $; = 30° was expected to affect the height loss
for a go-around. A considerable number of go-arounds were attempted

at varying flap rates; however, there was a great deal of scatter in the
height loss data due to variations in technique ,'\ pilof delays and experience

(1ea.rning curve). By judicious choice of the data (choosing only those

‘cases with fairly rapid pilo# reaction times and increases in airspeed)’

the trend of altitude loss from engine failure can be deduced as shown

on Figuré 3.6-L. Using theée trends, lines of constant flap re‘tra.ction
rate can be drawn on a plot altitude loss a.ga.insé speed excursion presented
in Figure 3.6-2. Alldata #repfesented on the i_‘ié.ure regardless of pilot
delay or technique. The data scatter tends Po Hinva.lidate the trend lines.
For example, there are more points at §F =2 DEG/ SEC off the trend line
than are on it. The overall conclusion is that the available data are

insu:_t‘ﬁcient to support any firm choice of optﬁﬁwn flap rate.

It can be concluded, however, that there is no requirement for a two-speed,
fast-slow flap rate. Originally, the flap retraction between SF = 75° and
500 was thought to occur at constant speed and angle of attack, in which

case there would be considerable drag reduction with little 1ift loss.

REV SYM - BDEING | no. DE-21806-1
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However, in the piloted simulation the a.irpia.ne b_egan to sink and increase
speed after engine failure. Flap retraction waé accomplished during a
va.ryir}g speed condition, and the fast flap rate (12.5 DEG/ SEC) was seen

to prolong the airplane sink rate as illustrated in Figure 3.6-3. Go-around
at a slower flap rate is illugtra.ted in Figure 3.6-71&. Sink rate tends
toward the climb condition in a more orderljr fashion in what appears to bo
better match of flap rate witix single engine performance. The pilot felt
that -if flap retraction had been a stronger factor in achieving climb-out,
then i:he fast rate would have been effective. However, with the single-
engine performance a.vaila.l;»le , the fast retraction rate actually increased

- the sinking tendency and further degraded the airplane.

~ With these data in mind the airplane ‘fla.p actuation system has been designed

for & single flap retraction speed adjustable up to 6 DEG/SEC.

3.6.2 Flight Control System Rate Requireinents

Without the need for fast flap retraction, the planned testing of primary
flight control surface rates was reduced to that reported in Section 3.1.3
_(Lateral control).
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4.0 DATA ON OPERATIONAL PROCEDURES FROM THE SIMULATOR

In the course of pursuing the investigation of design parameters for the
modified Buffalo alrplane a great deal was leafﬁed concerning possible
operational procedures for this vehicle in/the STOL mode.. In particular a
large number of landings were conducted in thé similator under various
conditions of atmospheric environmeﬁt, flight controls operational status,
stability augmentation system status and with one or #wo engines operational.
Although these data do not neéeséarily represent a stgtistically significant
semple, (especially since not all l;ndings were conducted as deliberate

spot landings), the data can be used to determine trends in touchdown
paremeters. Unfortunately, the digital touchdown print-out was not
available during the early part of thé testing and was not rumning at-
various times during the tests due to line-printer unserviceability.

Thus daté on touchdown distance from the tﬁreshold is rather sparse,

and other touchdown parameters must be read directly from the analog

traces with subsequently reduced accuracy.

The investigation of lateral céntrol requirements also involved a large
number of engine failure conditions; In looking at the control problems
introduced by this failure, each pilot determined his own particular
technique for flying the go-around.or continuing to a landing. Valuable
experience has been ggined by these pilots from this simulation. Analysis
of the variety of conditions investigated can possibly give a guide to the
trends in controllability and performance with pilot technique and airplane

configuration.
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4.1 ENGIN: FAILURES

During the lateral.control system evaluation over 70 engine failures were
simula#gd, the choice of which engine to fail and at what altitude being
randomly selecfed by the test engineers; After each failure the pilots
vere allowed to choose whether'they would continue the approach and land
or initiate a go-around. However, it was arrﬁnged that both landings and
go-arounds were attempted from engine failures that occurred at 200 feet -

altitude or below.

4.,1.1 Single-Engine Go-Around

The modified Bﬁffalo has a very much reduced performance with one englne
failed. With one engine at emergency power in the landing cénfiguration
a steady positive climb angle with acceptable stall warning can only be
achieved by:

o Vectoring the hot thrust full aft, and

® Increaéing the speéd above the 60 knot approach

speedv;t which the engine failed, and |

o Retracting the flaps frém 750 to the 309 éosition;
The requiremenf for all three conditioﬁs plabes_a heavy workload on the
pilot. Data from the simulator will be presented to determine that the
faster the pilot's reactions the smaller is the loss in altitude before
8 posi?ive climb gradient is established. This height loss is larger
than that suffered by conventional airplane standards for the following

reasons:
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o The STOLﬂairplane starts from an approach glide path of
7 1/2 degrees compared to the more conventional 2 1/2 to
3 degrees.

e After engine failure the total 1ift available to achieve
the reénired change in fiight path angle is limited. |
This was especially so for the approach conditions
simulated where approach power was equivalent to T75%
of maximum flap blowing avgilable.

¢ A loss of an engine causes a significant loss in lift.

® Achieving a positive climb gradient with one engine
failed required an airplane configuration change and
a speed increase.

. Aselected examﬁle of a one~engine go-around is shown on Figure 4.1-1. This
particular case was one of those in which the altitude loss between the point
at which the engine fglls and the point am'which the airplane first begins to
climb away on one englne was & minimum. It thereforg represents the maximum
performance that the pilots wefe prepared to extfact from the airplane and

gives a guide to the minimum margins they were prepared to accept in this

maneuver.

Examining in closer detail this go-around shows that one of the first indications
of engine fallure is a rapid increase in the rate of descent. This follows
from the fact that the 1ift lost éue to the decrease in flap blowing is a
considerable portion of the iotal 1ift of the wing. As explained in detail

in Section 3.1.8 the pilot is 1mmediateiy faced with a control task to keep

the wings level, the out-of-balance rolling moments arising from the loss of

REV SYM BOEING |0, PE-24806-1 >
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vectored hot thrust from the failed quine» V The ﬁhcel forces simulated were
high enough to réquife two hands for control of bank angle and this inevitably
led to\time delays before thé pilot could release one hand from the wheel to
initiate the thrust increase and nozzle vectoring requirei.to go-arcund. The
order in which these latter actioné were made appears to be of little
consequence to the final altitude loss but haé considerable effect on the

roll control task, (see Section 3.1.8).

The result of the downward acceleration, the increased thrust, and the thrust
vectoring is an increase in airplane speed which helps to regain margin from
the stall and accelerate'the airplane towards a positive climb gradient. The
next portion of the go-around is fiﬁwn at spproximately constant pitch
attitude while flap is- retracted and speed increased aﬁtempting to maintain

the progress towards a steady climb-out.

An analysis of all engine failure>c6nditions flown has been méﬁe to help
jdentify pilot techniques which minimize the height loss. Figures 4.1-2

to 4.1-4 tabulate a number of pafameters concerning 71 of the nearly 100
engine failures simﬁlated. :Of'these, 36 were étteméted one-engine go-arounds

and data from these conditions are plotted in Figures 4.1-5 through h,1-7.

The resuling height loss for each pilot is plotted against his reaction time
in Figure 4.1-5. These data demonstrate the strong correlation between
reaction time and height loss, although there is no definite indication

that the order of actions taken is of great consequence.

Figures 4.1-6 and 4.1-7 show plots of altitude lost against the time taken to
pull up to level flight, and the gain in speed from the point of engine failure

to the beginning of the climbaway. There is considerable scatter in these

_REV SYM MBBOEING ‘No. D6-21806-1
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data but it is clear that the minimum altitude loss conditions occur in
distinct regions of speed increase and time takgn for the recovery to level
flight. It would appear that a hasty pull-up and an attempt to regain level

flight quickly at thev expense of speed inevitably leads to larger height

losses since the climb-out cannot be maintained at the low speed. Conversely,
a very gentle pull-up allowing a large build-up in speed also requires a large

altitude loss. There obviously exists some optimum point at which the required

kinetic energy is gained for the least expense in potential energy.

A simple examination of a circular pull-up maneuver at constant speed helps
to identify limiting lines on the data of Figure 4.1-6. Figure 4.1-8
developes the equations for this type of pull-up, and .the height loss is
ploti_'.ed against t:ime to reach Y= 0 from an initial " ==12° (an approximation
to the rate of descent induced by the engine failure). Lines ‘of constant
speed are straight lines radiating from the origin. Thus, ihe requirement
for a 75 knot climb-out speed is a lower limif. on altitude loss. A given
load factor pull-up is a curve a;cross the constant speed lines. Thus CLma.x
constitutes another lower l:Lm:Lf on altitude loss .‘ Presumably pilots will
always require some margin from the .staJ_l during the xﬁaneuver , thus an upper
limit on &{ may be a more reasonable consideration than chax‘ A constant
line is almost co-incident with a constant loss in altitude. This simple
analysis indicates the existence of an optimum speed and load factor point
that would yield a minlmum altitude loss during the recovery from an engine
failure. Also obvious is that the altitude loss may be minimized by:

e Giving the airplane a steady climb-out capability at

a lower speed, and/or
¢ Giving the airplane grea.t;.er load factor capability in

the recovery maneuver.

REV SYM BTEING |vo.  DE-2806-1
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Both solutions require greater installed thrust, the second one also requiring

increased flap blowing.

Re-exa.{nining the engine failure depicted in Figure L4.l-1 in the light of the
previous discussion, it will be seen that the pilot chose to use a maximum
incident of 11° ( Ofwing = 13.5°), a pitch attitude of 5°, and a pull-out
speed of 80-82 knots. Recognizing th;'a.t the Buffélo can maintain a positive
climb gradient at 75 knots at 30°_ of flap,a reduction in the altitude lost
could possibly have been gained by a more prolonged pull-up meintaining the
exit speed at 75 knots. This may have been achieved by increasing the
initial z"ota.tion up to about 8° pitch attitude and thereafter holding 75 knots.
The height lost may then have been reduced to 140 to 150 feet, which would
seem to be the miﬂimum- available unless lower exit speeds and higher K's

are going to be acceptable. Remembering the ia.rge spread in a.l_titude

losses tabulated in Figures L4.1-2 to L4.1-4 it would seem ;.';hat a 50 to 100
foot scatter from thi;s minimum would be a reasonable assumption to make

for flight test purposes. The conclusion is then that successful one-engine
go-aroms%s can be guaranteed oniy if the engine i;ails 250 feet or more above

the ground.

In the light of the data presented, it is possible to define a technique
which may help to produce consistently smaller altitude losses:
¢ As soon as engine failure is recognized,vector the nozzles
fully up (helps to minimize roll upset and improve pilot
reaction times). "
¢ Follow this motion as soon as possible by :anrea.;sing thrust
on the remaining engine to the enﬁergency power level. (This

will be helped by the planned reduction in wheel forces over

REV SYM BOEINEG |vo. DE-2L806-1 ‘)_
PAGE 14_.6

6+7000



167

AD 1536 D

these used in the simulator thus allowing one handed
‘roll control.)
¢ As the power increases, initiate a smooth p\ﬂ.l-u;; to a
predetermined pitch attitule. _
¢ As soon as speed 1is shown to be definitely increasing,
initiate flap retraction d.irectly to 30° flap.
¢ Continue the ;}ull-up as necessary, or slé.ck-off » to
maintain 75 knots. B
A possible improvement on this technique could be made if the throttle and
vector ha.nd.les were designéd to allow simultaneous movement to the go-around

configuration.

4.,1.2 Single Engine Landings

When the engine fails below 250 feet a landing is probably inévitable.
Figure 4.1-9 shows a successf"ul one engine landing from an engine out at
150 feet. 1In this casc the immediate reaction to an engine failure is to
increase power, vector the thrust aft and leave the flaps down for maximum
11ft capability. Speed ‘is aliowed to build-:u;g ;)nly as necessary to retain
margin from the stall and produce reasonable 'dey attitudes at an allowsble
rate of descent. As can be seen from this‘l condi‘bion‘ there is plenty of
aerodynamic flare available and the touchdown rate of descent was held to

only 3.5 ft/sec.

The actual vector angle chosen for a continued landing after engine failure
varied between different pilbts and depended to some extent on the technigue
used to control rate of descent. Using nozzle vectoring inevitably

introduces. changing pitch, yaw and roll moments from the operative engine's
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hot thrust jet. Using pover cha.nges s with the nozzle set near 70° » where
the pitching moment changes are very small ) 1ntroduces mainly rolling moments.
Two pilots stated a preference for using thrust changes but when faced with

the problem in subsequent cases all pilots used combined technigues.

Touchdowns will occur at ﬁ&easingly higher angies c;f attack, ‘up to a
stalling flare, as the engine fa.ilure alti‘c;de comes nearer the ground.

At very 16w altitude engine failures will result in harder touchdowns,
although it is difficult to imegine rates of descent greater than 15 ft/sec
unless the ground effects a.re\excessive or the flare is incoﬁectly timed.
All such landing will be sew(eral hundred feet short of the intended touchdown
point ’ mdicatiné the neces;ity to land this airplane well down the runway
during research flying. _ Once again quick pilot reactions will be necessary
to ensure wings 'level landings (to avoid damage 'to the gear) and to minimize

the airplane excursions laterally.
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AD 1548 D

4.2 FLARE TECHNIQUES

A1l three simmlator pilots expefienced difficulties in consistently producing
successful landings in the simulator. Their comments suggested that the visual
cues we£e in error (possibly from an error in mechanization, which was never
found, or more likeiy due to the lack of depth of field an& peripheral vision
which is a recognized shortcoming of clésed-circuit TV visual presentations).

The most frequent complaint was that the flare had to be initiated too high

above the ground. The altitude shown on the radio altimeter at the initiation
of flare seemed to be lower than the altitude indicated by the visual scene.

Typically pilots undereStimated the touchdown rate of descent by L4 ft/sec.

This problem, coupled with the severe simulated ground effeqts on aerodynamic
1ift, produced very high touchdown velocities for mbst of the landings accom-
plished. A direct apblication of the results of the flare maneuver from the
simulator to actual flight is therefore hotzconsidéred accurate, However the
simulator data can be used as a guide to flare techpiques whichAmay be useful in

alleviating problems which might occur in full scaié flight testing.

¥

The simulated ground effects, see Appendix 7.2, were taken direct from the
Phase V Ames L0x80 wind tunnel test data, Reference 7. Ground effects were

fixed at the values for 75° flaps deflection with the hot thrust jets vectored

fully down and blowing hard. This configuration prbduces the worst possible
ground‘;ffects, which were almost certainly over-estimated in the wind tunnel
data due to ground board boundary layerimwerferencé:ugncorrect hot jet simulation.
The wind tunnel model nozzle exhaust was coﬁsiderably closer to the ground than

in the actual airplane configuration. With full ground effects as simulated
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the airplane suffered a 15% loss in 1lift during a typical flare condition.
No action by the pilot could alleviate this since the simulator nozzle
vectoring or thrust reduction did not reduce the ground effect as it would

in flight.

In full ground effect touchdown rates of descent were averaging about 9 ft/sec.

siowever, there was a fairly significant difference between pilots.

One piiot, who was particularly.sensitive to the erroneous indicatimn of flare
height, began his flare at a significantly lower height than the other two
pilots. This pilot began fiare at about 35 ?o 140 feet. Touchdown attitudes
were about 3° (from an approach attitude of.;6°). This rotation, and the sink
induced by the severe ground effect,produced an angle of attack of 10° (fuselage

datum) at touchdowh, giiing a descent angle of about 7°. At a touthdown speed

of 60 knots this gave a rate of descent of 1l to 12 ft/sec.

The second pilot tended to ease the nose up gently from about 150 feet altitude,
flaring hard from 55 feet on average. Touchdown attitudes were 5 to 6° with
an L of 1h°. The early pitch change howefer had significantly reduced the
approach speed below 60 Knots and touchdoﬁﬁ speed was in the order of 55 knots,

giving a rate of descent of 13 ft/sec on average.

The third pilot generally approached a little fastab about 6l knots and flared

from 50 feet. Touchdown pitch attitude was 6°; {was 11°, giving a rate of

descent of 8 ft/sec at 60 knots touchdown speed.

Note that these data were gathered from landings made during the evaluation of

the lateral control system and therefore do not necessarily represent the best
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performance from each pilot. In fact, during later tests the second pilot
developed a flare technique using power and elevator which gave touchdowns

of § ft/sec at attitudes of 1 to 2°.

A number of landings were also made with arréduced level of ground effect. Drag
and wing-body pitching moment changes wefe ﬁut to zefo‘(since previous inves-
tigation had shown these terms to have very iiftle effect on the flare) and the
loss of~1ift was reduced by 50%. The downwash changes were left in at full
strength. Figure L4.2-1 shows a typical flare using elevator alone in this

modified ground effect.

Figure L.2-2 shows‘a summary of:touchdoﬁn rates Qf descent achieved uﬁder each
of the different ground effect conditions. Full ground effects were run on two,
separate occasiéns; the first tﬁb days of flyiné,and a little later during the
Jateral control evaluation;/ No_strong learning cﬁrve effect W8S seen, aﬁd the

average touchdown rate of sink for both sets of data was 8.8 ft/sec. With no

ground effects (except for the:dpwnwash changes) the touchdowns averaged

5.2 ft/sec., a figure which was bettered later in £he simulator flying using a
combined power and élevator flare technique with the mo&ified ground effects.
This latter technique was developed by one of the pilots to take advantage of the
strong 1ift control (at relatively ccnstaﬁt speed) that is available from

thrust .increases with nozzles vectored at 900( see Section 3.2.i), Figure L.2-3
shows a landing using this technique which reduces the elevator required to

flare and allows flare initiation to be delayed to more conventional altitudes.

REV SYM BOEING |vo.  D6-21806-1

‘PAGE L.20

€-7000



AD 18546 D

The difficulties experienced by the pilots in successfully flaring the
simulator and the severity of thé ground effects demonstrated to them led to

the discussion of procedures which could be used in the initial flight test

stage to move slowly and deliberately into the regions wherg ground effects
may be at their worst. Simulated landings had already shown that landings
from 3 degree glideslope approaches at 90-100 knots and flaps at 30° were
quite conventional in character. This was therefore assumed to be the initial

takeoff and landing flap setting.

Landings at other flap settings or with the Pegasus nozzles vectored down would
be delayed until clearance could be given. This clearance would be based on
the airplane gehaviour during ground hops as detailed in Bob Fowler's report

in Appendix 7.1l. Should very large 1ift losses be evident at the landing fiap
configuration then flare techniques with power and elevator would have to

be developed to ensure reasonable touchdowns from STOL‘approaches. Development
would obviously begin with-simulated flares at altitude followed by landings

at flap and nozzle configurations which showed little or no ground effect

during the ground hop tests.
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Augmentatlon System engaged.

L.3 LATERAL-DIRECTIONAL HANDLING QUALITIES

=

A brief description of lateral-directional dynamic response is provided here
to aid in analysis of pilot comments on airplane handling quélities. Use is
made of the airplane dynamic response to & step wheel inpﬁt’(held in for three

seconds) in comparison with responses known to give good ﬁilot rating.

Generally speaking, if the parameters affecting tumm coordination are well
behaved for a simple wheel input then good turn performance can be generated
by the pilot with very little compensation on his part. This characteristic

is a requirement for godd pilot rating.

L.3.1 Stabilized Airplane

Figure L .3-1 shows the airplane response to a step wheel input with the Stability

Wifh SAS on there is very 1itt1e differenée in eirﬁlane reéponse over the range
of possible values of the derivatlve qhs With le = -.25 there is a little
less dutch roll damping available, whereas at Clﬁ 0 larger amplitude SAS inputs
were required to tame the spiral mode,lnstability. In the turn entry, only

small sideslip angles are induced thus requiriné.little or no pilot rudder

inputs for coordination. However the roll mode time constant is perhaps a little
too 1on§ for optimum pilot opinior requiring some pilot anticipation to roll

up to and hold a selected bank angle. As the airplane rells into the turn, there
is a notieeable delay before airplane heading responds. SAS on, this delay

is of the order of two seconds which dould be acceptable. One of the similator

pilots successfully used rudder to improve the heading response. However he

commented that on this airplane it was difficult to coordirate use of the rudder
REV SYM BOEINSG ‘ NO. D6-21806-1
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6+7000



AD 1546 D

because of the long dutch roll period. This configuration was rated overall
at 4.5 to 5.0 on the Cooper-Harper scale. Better ratings were obtained by:

e increased roll damping in ‘the S8AS

e reduced airplane roll moment of inertia
increased roll control effectiveness
use of a control wheel steering augmentation systexh with
attitude feedback and increased roll rate damping.

4,3.2 Free Airplane

Figure 4.3-2 shows the airplane response to a step wheel input without SAS and
with C 2 A = =.25. Without SAS, the aerodynamic cross coupling induces large
sideslip angles in the turn entry making turn coordination almost impossible.

The heading response lag 1s now over four seconds, an unacceptable situation.

With C.Q Y = O the spiral mode is so unstable that the airplane response to this

type of step input is a continuing roll rate even when the step input is

removed. To fly the é.irpla.ne wings level, requires almost 100% lateral

control. In mild gusts the airplane response was considered "wila".

This configuration was rated 8.0 to 9.0 on the Cooper-Harper scale. However,
simulated flights were successfully accomplishet} SAS off in gusts, in IFR

conditions, and even with one engine failed.

-

Airplane dynamic characteristics improve rapidly with speed and/or reduced.
flap deflection below 500. Approaches and landings were successfully
made with manual control of the ailerons (simulating a dual hydraulic failure)

and SAS off at 90 to 100 knots and with a flap angle of 30°.

At nominal cruising speeds flaps up, airplane dynamics are considered
acceptable without SAS. The only mildly objectionable feature is the still

‘slightly unstable spiral mode. Figure 4.3-3 gives a summary of the main

dynamic characteristics for four flight conditions.
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L.l EMERGENCY LANDING CONFIGURATION

The design philoéophy for the modified Buffalo has generally been to provide
a vehicle suitable for STOL research in moderate atmospheric turbulence.
Handling qualities are expectéd to bebgood enough to allow STOL approaches
to be flown with a reasonable pilot workload'ﬁith all systems working-and to
allow safe retrieval of the éirplane in thé evén£ of likely single failures.

No attempt has been made to design forASTOL operation with any systems not

fully operational. Multiple failures in the STOL mode could well lead to
unacceptable pilot workload. For this reason the philosophy has been that a
single system failure of any kind would lead to termination of most testing

and a final 1andiﬁg i -using an emergency,non=-STOL,configuration.

The resﬁlts of this simulation have refinforced the need for identifying and

using such a configuratioh. Airplane handling qﬁalities in the STOL configuration

| with complete hydraulic failure, or with a total failure of the stability

augmentation system,are so poor that STOL work should be avoided when partial
failure of the hyﬂraulic or electrical systems has occurred. The control of
engine failure is so demanding tﬁat STOL landings'should be avoided when any
other system is iséperative. Simﬁlated landings at 90 to 100 knots at flaps 30°
have proved to be very conventional in character. This configuration was

also chosen as the most acceptable for manual reversion landings. A configuration

similar to this is expected to be designated as an emergency landing

configuration.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 DESIGN CHANGES

The simulator tests reported in this document have resulted in design changes

and redefinition of requirements in certain areas of the aircraft modificaticn

progranm.

® Fuel system modifications are in hand to reduce airplane moments of inertia.

Cold gas flap and aileron nozzle areas are béing redefined to ensure the
level of asymmetric blowing required to allewiate and control the effect
of engine fa.iiures. ' ‘

Increased emphasis has been placed on safe-life design of the duct system
due to the seriousness of ‘ch.e‘éontrol problem caused by a burst duct.
Lateral control sjstem trimi*a,tes and whéel fbi‘ces are being redefined

to sult pilot preferences. ' ; ' . | ' ‘ .
Horizontal tail plane incidencg :is being defiﬁeé. to énsure_v adequate
elevator for ﬂﬁe. KN | ' |

Nozzle lever handle design‘ is being iﬂfll_J.enced by piloi{ preferences.
Stability augmentation sysfen'l‘prog:'aming with flap angle has been defined.
The requirement for a fast two-speed __‘ﬂap fetraction rate has 'beeﬁ

eliminated.

Flap placard speeds giving adequate maneuver marginhave been identified.

5.2 FLIGHT TEST PROCEDURES

Testing techniques have been outlined which will help to

Minimize problems due to engine faiim"es;
Investigate possible landing flare problems in a logical, safe sequence.
Maintain safety of operation by use of an emergency la.ndj.ng configuration

in the event of partial system failures or other operational problems.
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5.3 RECOMMENDATIONS

5.3.1 Further Design Modifications

Based on the simulator results, it is recommended that NASA give consideration

to the following design modifieationS'kt S

e Possible configura.tion changes which would redﬁce the altitude lost in
single engine go-arounds. 7

e Provision of partial rudder deflection to improve‘ manual reversion control
with two hydraulic systems failed.

o Incorporation of a powered iongi‘i‘.udinai control system wi.th' added trim
authority, tailored stick forces and provision for series SAS.

® Increase of rudder frim rate.

5.3.2 Further Simulator Testing -

It is recommended that follow-on simulatér invéétigations' should include the

following items: ' 4 B

o A check of engine-out éo-a.round for 'the final choice of approach and
landing flaps, including -tfine.liz’ed fla.p retraction rates.

® An inves*i:iga.‘cion of simple pilot cues wl_xich will produlcé gonsistent
performance during engine-out go-a.rounds. -

e An investigation of the critical heiéht for touchdown rate of sink after
an engine failure.

o An investigation of the improvement in longitudinal handling éualities that

® A check of final SAS configuration, including failure modes and possible
rudder-to-aileron interconnect.

® Takeoff in ground effects. “

e Operation at 45,000 lbs. gross weight. _

o Further investigation of the tendency towards pilot 1nduced oscillations

in the pitch plane.

could be offered by a powered control system & trimmable horizontal stabilizer.
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7.0 APPENDICES

Four appendices are attached to this simulator report. The first,
Appendix 7.1, is included in this volume and contains overall summary

statements made by the pilots themselves.

The remaining three appendices (simulator checkout, daily logs and

transcripts of pilot comments) are included in a second volume, D6-24806-2,

due to their lengtly nature.

7.1 PILOTS' OVERALL SUMMARIES

7.1.1 Summary Report by Bob Fowler (DHC)

7.1.2 Summary by Tom Edmonds (Boeing)

7.1.3 Summary by Bob Innis (NASA)
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T.1.1 SUMMARY REPORT of the Augmentor-Wing

Flight Test Vehicle Simulation

By
" R. H. Fowler-

De Havilland Aircraft of Canada, Limited
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1.0 QUALITY OF SIMULATION

1.1 PRINCTIPAL ADVANTAGES

Examination of the augmentor-wing FTV on the FSAA six degree~of-freedom moving
cab simulator was a significant advance on the original three degree-of-freedom

moving cab simulation for the following reasons:

Motion cues were not confusing, and seemed at all times to
be in phase with visual and instrument depictions of aircraft
motion. '
Cab and cockpit layout were superior in the FSAA simulator.
Engine and nozzle controls more accurately simulate Buffalo
power a.nd.v propeller lever (when shorteﬁed) positions.
Pilot's wheel and longitudinal/lateral trim button easier
to use. .

Excellent control of pilot séating Vposi'bion.

Better instrumention of attitudes ’ localizer/ glidesloge ’

with alpha and beta readouts improved,

' Sound intrusions associated with the motion systems were

significa.ntly less distracting, and could be almost entirely
eliminated by appropriately setting the level of simulated

turbine noise.

“Continuous intercom boom-mike arrangement made for much

improved communications.

1.2 PRINCIPAL CRITICISMS

Airspeed instrument rather crude for STOL.300 or 40O kt. drum

type, with one rotation of drum per 100 kt, and 3/ 32" repre-

senting two knots is more precise tool.
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» The simulator 1nitial condition buttoﬁ, if placed within easy
access of pilot's left thumb would more readily come to hand
than on the right grip, which to operate, requiresvhim to
Pirst release the nozzle or engine controls.
. The I.C., HOLD and OPERATE button lights should be within
the pilot's peripheral view.
It goes without saying that the principal criticism relates to the airspeed

instrument.

1.3 OVERALL COMMENTS

This simulation is the closest thing to flying that this pilot has ever

experienced while groundborne, and serious model examination requires little

if any of the "tongue-in-cheek" Quality in pilot attitude. As & result, fairly

extended periods in the cab seemed to pass very quickly; This was also due

to the well prepared and conducted NASA/Boeing programme.

2.0 GENERAL HANDLING CHARACTERISTICS WITHOUT STABILITY AUGMENTATION

2.1 LATERAL/DIRE;CTIONAL

Without stability augmentatioﬁ the simulation was very simller to the one
previously studied on the 3 deg. simulator, however it did not seem quite as
demanding in the approach and landing. The lower wheel forces, and lower‘
stick force gradient decreased the pilot workload and the urgency of require-
nent for longitudinal trim, particularly in transitions. The unstable spiral
mode and low lateral/directional damping made the steering task difficult, and
avoidance of several cycles of lateral PIO when setting a desired bank angle,
or vwhen rolling back to level flight was all but impossible. As a result, the

lateral control -tends to be overworked when attempting to freeze the aircraft
in either of these situations. -
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Adverse yaw was still present in gross proportions, however there seemed to be
more adverse sideslip effect following the application of aileron when entering
or exiting a turn than the direct effect on yaw rate which was present in the
previous simulations. Along with low di;ectiona.l‘damping, all of this tended
to make the pilot's hands and feet somewl;at of a blur when attempting to
coordinate turns at bank angles of 10 to 20 deg., and sideslip angles of up

to 15 deg. were routine. With SAé-Off, a value of Ceﬁ of -.2 seemed to more
favorably affect la.tera.l/ directional handling qualities than when zero, this

was particularly so in gusts.

2.2 LONGITUDINAL

The “springy" elevator quality was exaggerated to an extent that a longitudinal
PIO was easily enqountered on the’ approach, and durixig the single engine go-

as
around, }\fla.ps are retracted and speed is inc;‘ga.se@.

In spite of the springy elevator cha.racteristics a.nd longitudina.l PIO, speed
stability seemed improved, and fewer ovegspeed ex.curs‘ions were experienced.
While vectéred thrust e.ufhority seemed :hx;proved for glidepath a.nd. speed
control, the lift loss accompsnying nozzie excursions- from 90 deg. to 18 deg.

seemed to produce an initia.i sinking tend.ency.

[y

3.0 THE INFLUENCE OF STABILITY AUGMENTATION SYSTEMS

3.1 SAS-OFF

The landing is a very demanding task and ivould merit a CR of 4.5 to 5. The
lateral/ flirectional characteristics are such that the landing could raplidly
become marginal in anything gfeater tﬁan minimum gust levels, or nominal

crosswinds. Unaugmented, the low spiral mode demanded excessive attention to
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prevent latera.l/ directional divergence while attempting to hold the aircraft
in level flight. The low roll damping required a great deal of short-term
lateral control to set and hold a desired bank angle while turning, or to

precisely stop the rollout at wings level when terminating a turn, and turn

coordination was virtually impossible throughout.

3.2 SAS-ON

The principal benefits of SAS seemed to focus on the extent to which 1t affects
the use of lateral cdntrol. | The effects of spiral a.'ugmentation alone was
difficult to appreciate 'beyond some improvement of the unattended la.tera.l/
directional divergence from a wings level condition. The max roll damping
gain which was used toward the. end of the ses_sion did much to decrease the
constant use of ailerons which was reqﬁi;'ed to establish -and ﬁold any desired
condition of bank. The model did not seem as sensitive to directiona.l
damping, as to lateral damping, and though turn coordination was accomplished
by the SAS to acceptable levels, one tended to become a little impatient with
the rate at which small directional changes could be made in the latter stages
of the approach. As a result ,-' it was 'diffbficult to resist quickening the
short-term steering (a.ilerox‘x)v.inputs with rudder. This may be an infection
contracted through STOL experience » however it 1s doubtful that the average
pilot is going to be entirely satisfied with the aort of "feet on the floor"
direct*l-.enal response vhich can be afforded by the best SAS simulated, while
approaching a landing at 60 kKt. using ailerons .a.lone » particularly in
turbulenee. The lower level ‘of leteral inertia in all cases improved lateral
handling qualities, and by iteelf accountsfez; a lowering of the CR by an

increment of .5.
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SAS-ON roll-due-to-~yaw apéeared to be neutral following :udder kicks, but
showed an unstable dihedral effect following aileron release in steady side-
slips. 1In itself this may not be particularly disturbing, since it tends

to decrease the extent to which controls must be c;ossea in performing a wing-
down (steady sideslip) crosswind approaqh. ijtherwise, as the rudder require-
ment grows in the flare, posigive dihedral effect wpuld demand an increasing
aileron input to prevent the upwind wing rising,'vhich would only heighten the

overall task. o

4.0 NOZZLE VECTORING CONTROL

The sign and magnitﬁde of nozzle-induced pitching momentsxstill tend to assist
in the glideslope-f@llowing task. While the longituiinal PIO does not seem
to be exc;ted by n;zzle excursions, it éeems mdre prominent in the latter
stages of the approach, and in the baﬁlked landihg where_there is more of a
tendency to make.sﬁﬁrp elevator étep inpﬁts. Nozzle slgﬁ rate seemed quite

acceptable..

While the longer ﬁozzle levers could be 1o§a£éa anﬁ handled‘fairly easily,

since they moved -in a diffefént a;c fr;m the fogpr levers“;t wa; momentarily
difficult to mové from the PLs Fo them 1f_fhe pilot did not visually re-reference
them. After they were'shortened, this was much improved, and the slight
increasg in sensitivity of the vectoring contro; was welcomed. In any

future selection of knobs for the vectoring levers, T handles should be

avolded, two hemispheres combining to ﬁéke a single ball'handle would seenm
acceptable. Stirrup handles are pleasant to use, but would seem inappropriate

since the power levers are already presented in this form.

D6-24806 -1
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An effect which seems to 31;.em from the increased power level used for the
approach, 1s thé sinking tendency which occurs immediately ;’oilowing movement
of the nozzle to the 18 deg. position whén‘ correcting underspeed errors in the
final stages of the approach. It would appear that initially the aircraft
responds vertically more quickly to the vectored thrust 1ift loss than does

its speed to the change in effective thrust.

5.0 REDUCED SPEED APPROACHES'

Approaches performed at 50 kts. seemed to indicate that the aircraft had
greater speed stability than at 60 knots, and it appeared that the reduction
in alpha margin was not as great as the reduction in speed margin. After the
original. 60 knot attitude was restored by an increase in power,with nozzles
set at slightly more than 90°, the ava.ila.ble elevator was adequate for the

' flare.

6.0 ENGINE-OUT LANDINGS:

Since engine landings were only performed Sas-"oN", ... they did not seem to pose
any difficulty ins'ofa.r as achieving an acceptable touchdown was concerned.
Eolloviﬁg the failure, when asymmetric blowing ﬁ.rtually balanced the rolling
moment produced by the remalning nozzle, power could be increased on the
operating engine with the nozzles still at the landing approach condition of
about 90 deg. Once power had been increased, the remaining nozzle could be
slewed in increments which could be controlled adequately in both roll and yaw.
It is here that the main criticism of the asymetric blgwing a.rrangexﬁent arises,
since vectoring of the nozzle aft, produces a yawing momént toward the failed

engine, and allows the blowing asymmetry to roll the aircraft in the opposite
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direction.While the perturbation in roll and yaw thus producedvis initially
perplexing, it is not difficult to limit the mégnitude of nozzle excursion to

manageable levels.

Unless a few degrees of bank are held against the operating engine the aircraft
is prone to lateral excursions from the approach centre line, if bank angle

is allowed to change sign for anything but the shortest period.

7.0 BAULKED LANDING POST-ENGINE-FAIL&RE

*

The rate of sink immediately following engine fallure seemed significantly
greater than in the previous simulation. As in the engine out landing, it
was found that the asymmetric blowing permitted the immediate applicétion of
full power on the remaining engine. After tq;s,_fhé nozzle can be fairly
rapidly~moved to the 18 deg. position, and flap retraction commenced. Until
flaps have regched 35’deg. at a speed of 75 to 80 knots, there is insufficient
total thrust to increase speed aﬁdAclimb, whiie simultanebusly retracting
flaps. Until the flaps are fully retracted, climb performance is very
sensitive to angle of attack, and extreﬁély small érrors in pitch attitude

can quite seriously affect fhe initial height qus, and the horizontal distance
required to establish the aircraft in the final climb configuration. A few
degrees of bank applied toward the operating engine significantly decreases
the rudéer requirement during the transition from the approach, (following the

failure), to the final cleaned-up climbout.

The longitudinal PIO0, and the éensitivity in pitch, combine with a marginal
flaps-down thfust availability. to make the one-engine baulked landing very
demanding, and post-failure height loss was typically 200 to 300 feet. The

overall task would merit a CR of 5. to 5.5.
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While positive dihedral effect due to sideslip seemed to most favourasbly affect
ha.'ndling qualities on the approach, a neutral value appeared the most desirable
for the single engine go-around, where it decreased the amount of peak roll

control required in the transition to the baulk following the failure.

8.0 INFLUENCE OF AERODYNAMIC ROLL COMPENSATION MAGNITUDE ON ENGINE FAILURE

Comparisons between cross-ducting ratios of 50/50 and 60/40, showed that the
asymmetric ratio produced the smallest post-cut disturbance in roll, and was
superior in terms of the magnitude and duration of lateral control required

in the post-failure tasks.

9.0 TRANSITION MANOEUVRE

The follewing trans:ition procedure appeared reasonable, and capitalized on
the availability of thrust vectoring to the extent that only one eng:lne‘ power
change was requi_red., From level ﬂight'

1l. Set nozzles to 120 deg.

2. Increase Nh to 9u%.

3. A%t 130 knots select full fla.p in two steps
i.e., 35 & 75 deg.

k., Select lateral and directional SAS "ON".
The most desirable flap operating rate for this manoceuvre and the baulked

landing would lie between 6 dey. and 4 deg. per second.

10.0 INFLUENCE OF THE SIMULATED GROUND EFFECT

From the beginning, simulated éround effects made judgement of the flare and
achievement of acceptable vertical touchdown velocities rather difficult, touch-

down velocities of 500 - 700 fpm being routine. This meant tha.t more of the
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available alpha range was used in the flare attempting to mitiga.‘té ‘touchdown
velocity than would normally be considered good STOL practice, where a slightlg

underflared landing usually produces the most repeatable performance.

Removal of the ground effects seemed to make possible acceptable flared

landings with touchdown velocities of more nominal levels- Judgemen'b of .
the point at which to initiate the flare however was difficﬁlt due to visual
effects which gave the impression of excessive height. This was also the

case at the moment of touchdown.

11.0 FAILURE MODES

The simulated SAS hardovers did not appear to pose any real problem. The
single nozzle fallure at the 90 deg. pbsition produced a situation fery
sensitive to symmetric changes in engine powef » requiring ca.re_ful consolidation
of lateral and directior;al control with any change in engine power, or with

operation of -the remaining nozzle:

12.0 CONTROL WHEEL STEERING (Seé Section 3.3.7) .

CWS, while capa.blé of accurately holding a given bank angle, .once achieved,
required some learning to accurately set bank while avoiding a series of small
step inputs similar to a lateral PIO. It was observed however that an increase
in the lateral damping gain appeared to significantly reduce the number of

steps required. To a slightly lesser extent the same a.pi:lied when returning
to a wings-level attitude. While holdiﬁg the aircraft in a turn at a fixed
bank angle the system returns the wheel to neutral s with the result that the
small aileron excursions, required to fix the bank a.ngie , must be made across

the breakout range which is slightly irritating.
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Short term alleron inputs éive an impression of low spiral stability, as the
system rolls the a.ircra.fﬁ to a bank a.ngle sppropriate to the integrated short
term roll command. This requires a liti;le time for pilot adjustment, and
demands something of a "wooden" quality in the use of lateral control.

13.0 AUTOMATIC SPEED CONTROL

As in the three degrees=-of-freedom moving ‘ba.se simulator;, the‘ overall approach
task is improved to a CR = 2.5 SAS "Oﬁ", and CR = 4,0 SAS "OFF", with the
addition of auto-speed (thrust) control. The pilot 1s able to handle the
wheel with both hands. throughout the a.ppreaeh, and manual operation of the
nozzles is only required _at some point prior to completion of the flare. The
system did not cause excessive slewing ofv‘i_:he nozzles s 85 8 resﬁlt the nozzle

induced pitching moments did noi;. increase tﬁe lbngitudina], control task.

14.0 HIGHLIGHTS AND CONCLUSIONS L s

This simulation of the Augmen'bor-Wing F'J.‘V ha.s highlighted severe.‘L a.spects of
the handling and performance characteristics of the aeroplane vhich could
bear directly upon the scope and. manner of the imrestigations 'bo be performed

on the aircraft. e o

(i) Baulked Landing With An Engine-Out

Thrust derating, arising from commity noise and engine-nozzle
matching considerations, has given rise 1;0 marginal engine-out
baulked landing capability. To an extent y that under the best
of c¢ircumstances, height losses up to 300 feet before a level
flight condition is reax.'hed. are typica.l following an engine

failure in the landing conﬁguration. " In addition, the
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handling task in the initial stages of the manoeuvre, when
retracting the flaps prior to becoming established in the climb,
is quite exacting as the minimal initial climb performance can
only be achieved if angle-of-attack is held within a very narrow
range. This 1mplies that with the aircra:ft in the STOL landing
configtma£ion it should not come below 300 ft (plus some margin)
unless it is over a runway of sufficient length that continuation
of the approach and landing is assured. The overall :I:ask of
completing the landing or baulking a landing with an engine-out

would both be Cooper Rates at 5.0 and 6.0 under gusty conditions.

With one engine out the landing technique requires conscious
sepérat;ion’of lateral and directional requirements to an extent
that intuitive pi_'l.o"b reactioné coﬁid be sglf defeating. This,
coupled with the marginal engine-out baulked landing capability,
is felt will severely restrict »the:'ra.nge of pilots to whom the

aircraft should be offered for flying.

Some pilot discussions at NASA Ames about the value of a pilot

safety device such as the Yankee Extractor System, grew out of
the marginal single engine go-around capability of the FIV.
Upon reflection, however, one cannot help feel that, if the
above recommendation concerning a 300 ft. margin cvér the end
of the runway is 'a.ccepta.ble » the prospect of a forced landing

at 60 knots would seem more attractive.
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(ii) Other Poor Qualities Further Limiting the Range of Demonstration

Pilots are:

| (a)

()

(c)

(a)

(e)

SAS "OFF" turn coordination is all but impossible.

If the ground effects are as simulated touchdown

velocities of 500 - 70O fpm may be routine..

SAS "OFF" approach and landing in turbulent and
gusty conditions would merit a CR = 4.5 to 5.0

and 6.0 in crosswinds. '

Nozzle excursions to 18° late in the approach
appear to cause an increased sink rate due to

the vectored thrust lift loss.

Longitudinal static stability is weak with both

engines at high power>during a bauiked landing

with the nozzles at 18° deflection.

15.0 SOME PRELIMINARY THOUGHTS ON THE INITTAL STOL FLIGHT TEST METHODS

The selection of flap angle for early exploratory flights coﬁld be determined
from protracted skips at the end of the high speed taxi trials. 1In order to
avold adverse ground effect initiaily, it 1s anticipated that a low flap angle
(of order 30°) could be chosen with the hot nozzle thrust.deflection at 18°.

Then the aircraft could be landed in a :elatively conventioné; manner with 1ittle
chance of Jet thrust ground impingement and with less possibility of encountering
large changes in 1ift and drag. At this low flap angle, safe takeoff and

baulked landings could then be performed with adequate climb capability in the

event of engine failure.
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When it comes to the demonstration of the first STO0L landings, it would be
highly desirable to have a reasonable understanding of any ground effect
characteristics arising from deflected jet impingement. It is therefore
suggested that high speed ta.xi.‘nmsA lea.ding to protracted runway skips

could become the means by which an accurate picture of the ground effects could

be realized prior to the first STOL flight.

The first skips could be undertaken at a fle.p angle which predicts e good
trade-off ef longitudinal sta;bility and control characteristics, and a zero
1lift reference which would permit the aircraft to unstick after a_‘ 5 degree
rotation, and fly the skip in a level fuselage attitude at spproximately 1.1
%o 1.3 times the unstick speed. The level fuselage :Eefer‘ence is desirable
to limit thrust cha.nges which could result from changes in pitch attitude

independent of nozzle angle.

F“or a.dgiven flap angle, the selected engine power ehould not be considered

a variable once the bra.kes. have been released. , Initial acceleration should
be meAe with‘the nozzles at 18° , and a 5? longitudinal rotation should be

made e.nd. maintained in advance of the expected. unetiek speed. With this
attitude held on the mainwheels, thrust to unstick a.nd main’cain vehicle

speed and height above the runway should be controlled with the nozzles only.
Vectored 1ift as & cosine effeet would not normally be expected to produce
sharp-edged effects in the 90° + 30° nozzle range, and should therefore permit
initial ground effects to be encountered gradually as power levels are increased
for subsequent runs. The post ‘unstick speed range would make sufficient 1ift
coefficient available to counter any mﬂesirab;e vectored 1ift vertical effects
with elevator.
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The aircraft could be 1a.ndéd from the skip by slowly moving the nozzle toward
120° , and after touchdown further reversé’ thrﬁst could be applicd to minimize
brake heating by then increasing engine power with the nozzles still set at
120°. "

For ea.éh flep angle examined in thié way, the ini'l_:ial enéine power level ecould

be such that nozzle need not be handled too ca.ref\ﬂ.ly to permit the aircraft

to become light on the wheels, or to barely become a.irborné during the initial run
in any specific configuration. ©Power for each run c'ould be increased in

inecrements which previous runs indicated to be prudent.

Vehicle height and speed could be increased in each run as confidence was
gained, at all times proceeding to the next 1nci'ement from a well examined
previcus situation, which could be retreated toksafely if any divergent trends

are encountered.

In this manner the runway hops ‘could be perfofn#ed with the pilot in complete.
command of the aircraft while controlling thrust through one meAnS only, which
is not dependent upon engine acceleration or 'é:ecelération;. éépability. Held
in reserve at all times is the‘ ability to re&ﬁce engine bower if vectored
thrust alone does not meet the pilots’ needé Ain adequatel& limiting vehicle

speed or height above the runway.

When a sufficient flap range had been examinéd in this Mer, the configuration
of flap offering the best' combina’cion of handling qualit;ies and performance
could then be used for the takeoff and landing on the first and subsequent
initial STOL flights, following which the airﬁo_rne investigations wbuld expand

the envelope and allow a broader range oft configuratioﬁ examination.
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This approach to the initié.l flight testing of tljxe FTV is principally intended
as a guide in réstric’cing the nmxiber of variables with which the pilot would

| have to deal in the runway hops, while giving him & maximum of indoctrination
in ground effects and aircraft ha.ndling qualities prior to the actual first
STOL flight in the aircraft.
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7.1.2 SUMMARY of the Augmentor-Wing

Flight Test Vehicle Simulation

. By
T. E. Edmonds

The Boeing Cormpany
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A simulation of the Augmentor-Wing Flight Test Vehicle was flown on the

Full Scale Advanced Aircraft simulator at NASA/Ames from'October 27 to
November 6, 1970. The écmments below refér to the airplane characteristics
for flap angles of 50 degrees and greater and with the Stability Augmentation

System operative unless otherwise stated.

1.0 NORMAL OPERATION
1.1 PITCH AXIS

The pitch axis does not respond the same'a§~£he basic Buffalo. No static
longitudinal stability appears to exist. However, the most disconcerting
characteristic is the drift in pitch éttitude in the direction of tﬁe injtial
displacement. The longitudinal control forces ;re twicé as high as that
desired. The inclusion of a powered elevator wouldvalléw the control forces

to be tailored to optimum. More'precise e1evator contf;T would be available
and more pilot confidence in the ability éo-recovef from high 1ift coefficients

would exist with the addition of a trimmable stabilizeffand powered elevator.

The incorporation of control wheel steering about all axes would provide
a vast improvement in handling qualities and reduce the pilot workload
tremendously. However, this would not make'up_?or the‘;ack of performance for

the engine out case. The automatic speed control also reduces the

pilot workload but drives the nozzles in the wrong direction after an engine

failure.

After several touchdowns were made, the ground effect levels were reduced
below those predicted in the wind tunnel due to inadequéte flare capability

in the simulation. With this change the landing flare capabiiity is still
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so low that full eleva:tor ldoes not reduce tha touchdown sink rates to

acéeptablé levels (3-4 f.p.s.). The sink rates experienced during the
normal touchdowns were of such magnitude that today's airplane pilots
would consider every landing a hard landing and an engine out landing

catastrophic.

1.2 LATERAL DIRECTIONAL AXES

With SAS on lateral/directional flying qualities are acceptable except that
the dihedral effect is the reverse of conventional airplanes. This requires
lateral and directional control operation that is opposite to what pilots

normﬁlly use.

2.0. FATLURE CONDITIONS

A single failure such as SAS or an engine produces a condition that can:

-

reqﬁire full control authority to maintain the desiz;e‘d: airpiane attitudes.

After an engine failure, i:he ability to arrest the sink rate below 200.feet
altitude, to avoid contacting the ground, requires very rapid pilot

reaction to resef nozzle angle, advance :engine throttie and reduce flap angle.

This transition may take as much as 300 feet altitude and the use of full
control authority. The recove‘ry fré:m an engine failure below 200 feet
would not be possible and would result in a very hard; landing. The loss of
an engine, at an altit:ude that permits recover;y, produces rolling pitching
and yawing moments that are e;d:remely difficuit to control especially
without SAS.
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3.0 RECOMMENDATIONS

Should STOL landings be required, it is recommended that the minimum altitude
over the end of the runway be restricted to 300 feet to enable the pilot

to, at best, reach the runway in case of engine failure.

It is recommended that a study be conducted to determine the feasibility of
the installation of a crew escape system such as the Yankee Extraction Systenm.

This is due to the unacceptable handling qualities after a single failure

such as SAS, an engine or the lack of climb performance without a config-
uration change. In any event it is recommended that the crew be limited to

a maximum of two people due to the low performance and handling qualities.

Unless the performance can be iﬁproqu withiSO degrees of.flap or greater
and the handling quality improved, the existing characteristics will not .
permit satisfactory demonstrations to be c&hducted to oﬁher than research

oriented personnel.
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7.1.3 Summary of the Augmentor-Wing

Flight Test Vehicle Simuldtion

R, C. Tnnis

"MASA,Ames Research Center
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In general, the simulatinn of the augmentqr wing on the FSAA was considered
to be quite satisfactory. In addition to achieving the primary objective

of obtaining design information for the modification, it provided the

subject pilots with invaluable eiperience with the aircraft's handling
characteristics, performance and control procedures in both normal and
emergency flight conditions. I felt that the main deficiency of the simulator
itself was the inadequacy of the depth perception cues from the visual

scene between flare and touchdown. This prevented the pilots from accurately
agsessing the 1anding‘behavior and the severity of any adverse characteristics
in ground effect. On the other hand, without the rather elabérate motion
cues, I doubt if we could have obtained any realistic simulation of the

various failure modes such as engine failure, SAS hardover, etc.

As far as the airplane was concerned; I felt that the handling éharacteristics,

as simulated, were adequa%e to perform the mission for which the modification
was intended, i.e;, demonstrate the augmentor wing concept and develop the
operational techniques required to 6ontrol the integrated 1ift and
propulsion system. Without stability augmentation, the handling qualities
were unsatisfactory but the airplane could be safety flown and landed within
the environmeﬁt in which we normally expect to Opefate it: namely, day,

VFR, and relatively smooth air. With the proposed stability augmentation
system operating,the handling qualities were,in general, satisfactory and
should allow us to invest%gaﬁe simulated instrument approaches (as long as
they are simple.and straight forward), pefformance charaéteristics, and

some operation in turbulence and crosswinds. These handling gualities would
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’ﬁféﬁuﬁbrkload, frequencyvdf exposure and more éomplicated approach

AT
R ¥
' .

Se‘iﬁédequate; however, for a commercial STOL transport because of the

..geometry expected in this type of operation.’;The most questionab’e aspects

of the handling qualities of the augmented airplané concerﬁ ﬁhe lc: - tudinal
axis. These include low static and dynamic stability, possible inadequate
trim capability and high control forces. In view of the expanded scope of

the augmentor wing flight program, it would be desirable to include a powered

p . R

elevator and trimmable stabilizer in the modification schedule if at all
possible., This would allow stability augmentation to be incorporated in

the longitudinal axis as well as provide improved controllability.

Another area of concern was the marginal performance with onéfengine failed
particularly during the approach or waveoff. A rather abrupﬂ loss in normal
acceleration occurs when the engine fails followedrby an appreciable loss ’

of altitude (about 200') before recovery cén be effected. Ev;n aftef recovery,
flaps have to be retracted to ﬂxrtakeoff}position before hny’éignificant

climb gradient can be achie%ed. The full significance of thi; ﬁroblem will have
to be assessed duriﬁg the flight tests, bﬁt we'should face ﬁh; fact that

we may be forced to place some restrictions on the operation of the éirc;aft

4

if we expect to maintain a high level of safety.
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